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ABSTRACT 
 
 
“Sustainable” and “renewable” polymers are not necessarily the same particularly when 
it comes to material identification for packaging applications. For example, polymers 
made from renewable resources such as cellulose and lignin may not be eco-efficient 
(sustainable). These cellulose based polymers are naturally derived and renewable but 
they utilize more energy and generate more pollution than synthetic polymers based on 
oil. Hence, sustainability of polymers is based not only on their ultimate 
biodegradability in nature but also on the energy efficiency in their manufacture and 
their acceptability in industry. On this basis, oxo-plastics (plastics with pro-oxidants) 
are considered to be more sustainable than naturally occurring polymers because they 
also follow the oxo-biodegradation mechanism that is widely observed in naturally 
occurring lignin, humus and rubber. Oxo-biodegradation is a process through which 
oxidation leads to ultimate biodegradation. Existing standards for biodegradation of 
plastics do not take this fact into account, which leads to inconsistencies in the 
classification of plastics. Furthermore, the information available in this area is very 
limited making it difficult to estimate the contribution of microbial action on 
polyethylene degradation. Thus there is a need to understand and evaluate the oxo-
biodegradation of polyolefins systematically.   
 
The present work aims to evaluate and improve the oxo-biodegradation process of 
polyethylene. To achieve this, an attempt was made to fully understand the oxo-
biodegradation process by conducting degradability tests on polyethylene and oxo-
biodegradable polyethylene (polyethylene loaded with pro-oxidants). Pro-oxidants are 
transition metal ion complexes which catalyse the oxidation of polyethylene leading to 
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molecular weight reduction facilitating biodegradation. The biodegradation of 
polyethylene was achieved using the micro-organism Pseudomonas aeruginosa.  
 
In the degradation experiments, polyethylene film samples were subjected to thermal 
oxidation for a period of two weeks followed by six weeks of biodegradation. The 
changes in the molecular weight of polyethylene and the concentration of oxidation 
products were monitored by size exclusion chromatography and Fourier transform 
infrared (FTIR) spectroscopy, respectively. After initial thermal oxidation, molecular 
weight of oxo-biodegradable polyethylene was found to decrease rapidly, accompanied 
by the formation of low molecular weight carbonyl compounds. These end chain 
oxidation products are then utilised by microbes in the biodegradation stage. However 
the influence of microbes is found to occur only on the polymer surface suggesting that 
the action of pro-oxidant is limited to the oxidation process and is not continued during 
the microbial degradation stage. 
 
This work also attempts to improve the overall process of oxo-biodegradation of 
polyethylene using nanoclay along with a pro-oxidant. Polyethylene nanocomposites 
were prepared by melt intercalating maleic anhydride grafted polyethylene and 
montmorillonite clay.  It was found that maleic anhydride promotes strong interactions 
between polyethylene and montmorillonite, leading to a homogeneous dispersion of 
clay layers. Rheological tests showed that these nanocomposites exhibit shear thinning 
behaviour, with steady shear viscosities increasing proportionally with clay 
concentrations. With increase in clay concentration, the tensile strength of 
nanocomposites increases whereas the elongation at break decreases considerably and 
barrier properties are found to improve significantly with clay content.  
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On comparing the oxo-biodegradation results of polyethylene, oxo-biodegradable 
polyethylene, polyethylene- and oxo-biodegradable polyethylene nanocomposites,  it is 
found that the molecular weights of both oxo-biodegradable polyethylene and oxo-
biodegradable polyethylene nanocomposite decrease substantially as oxidation 
proceeds. However, the relationship between the carbonyl index (another measure of 
concentration of carbonyl compounds) and the molecular weight data reveals that the 
addition of nanoclay does not alter the oxidation mechanism significantly suggesting 
that the reduction in molecular weight of these two materials is mainly due to the action 
of pro-oxidant. 
 
When oxidised (aged) polyethylene- and oxo-biodegradable nanocomposites are 
subjected to microbial degradation using Pseudomonas aeruginosa, their degradation 
patterns as indicated by their molecular weight distributions data vary. This could 
probably be either due to some active role of Pseudomonas aeruginosa leading to 
further chain cleavage of the polymer or due to the presence of clay that made a 
difference in the biotic environment. It is clear that montmorillonite has helped in 
creating a suitable biotic environment conducive to microbial activity and therefore 
supported the growth of Pseudomonas aeruginosa, which causes further biodegradation 
of the polymer in nanocomposites.   
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CHAPTER 1. INTRODUCTION 
 
1.1. Introduction 
 
According to a recent Australian environmental ministry survey report, approximately 
6.9 billion new plastic bags are being used by consumers each year, which will be just 
under one bag per person per day in Australia [1]. The volume of plastic bag usage is 
signalling an alarming situation. Plastic bags as litter create a visual pollution problem, 
and affect our aquatic wildlife. Also the heavy reliance on ‘disposable’ plastic bags by 
the Australian consumer raises questions of resource consumption and efficiency.  
 
Among all the polymers used for bag production, polyethylene accounts for 40% 
worsening the aforementioned situation further. Polyethylene is generally recognised as 
the most bioinert polymer known for its resistance towards any microbial activity. This 
high resistance towards assimilation by microbial activity arises from its 
hydrophobicity and high molecular weight. Large molecules of polyethylene cannot 
enter into the cells of microorganisms and its hydrophobic nature limits the enzymatic 
action of micro-organisms on it. However, past studies [2-5] have revealed that the 
oxidation products of polyethylene are biodegradable.  
 
Research has focused on distinguishing different biodegradation mechanisms observed 
in different types of polymers. Hydro-biodegradation and oxo-biodegradation are the 
two mechanisms that dominate the degradation of both synthetic and natural polymers. 
It is now widely accepted that polyethylene biodegradation occurs by oxo-
biodegradation mechanism which is a two-stage process. The first stage is oxidative 
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degradation, which is normally abiotic and the second stage is biodegradation in which 
the oxidation products are degraded by micro-organisms.  
 
 
Initial abiotic oxidation is an important stage as it determines the rate of the entire 
process. In this stage, polyethylene is oxidised leading to the reduction of its molecular 
weight. During this stage, carbonyl (C=O and COOH) groups are introduced into 
polyethylene chain leading to further oxidation of polyethylene. The main factors that 
influence abiotic oxidation are temperature and sunlight. They are crucial for the 
reduction of molecular weight and the production of low molecular weight compounds 
that can be easily assimilated by micro-organisms [6, 7]. 
 
One of the commonly used approaches to induce abiotic oxidation in polyethylene is 
the use of pro-oxidants. Pro-oxidants are transition metal ion complexes. They are 
added to polyethylene in the form of stearate or other organic ligand complexes. Fe3+, 
Mn2+ or Co2+ stearates are the most commonly used pro-oxidants [6, 8]. Photo-
oxidation reaction is initiated by Fe3+ which acts as source of radicals whereas thermo-
oxidation (i.e. oxidation without the influence of light intensity) is initiated by Mn2+ 
and Co2+. A number of papers have been published on the abiotic oxidation of 
polyethylene [4, 8-13] . It has been now established that chain cleavage takes place due 
to the catalytic action of pro-oxidants. Oxidised polyethylene is more susceptible to 
microbial attack than the initial polyethylene film due to an increased hydrophilicity 
and the presence of low molecular weight fragments [14]. Although evidences for the 
biodegradation of polyethylene has been reported, it has been found to occur only on 
the polymer surface not in the bulk volume [15]. This may be due to the inaccessibility 
of oxidation products to micro-organisms. Thus it is clear that pro-oxidants have 
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significant limited role in the oxidation of polyethylene but do not have any role in 
microbial growth.  
 
In spite of many past studies on polyethylene biodegradation, the knowledge on the 
influence of pro-oxidants on biodegradation is still lacking. An attempt has yet to be 
made to obtain greater insight into the oxo-biodegradation mechanism of polyethylene. 
 
Recently, polymer nanocomposites which are polymer filled with nanoclay particles, 
have gained tremendous interest in both the academia and industry.  This interest is due 
to the fact that nanocomposites showed remarkable improvement in thermal, 
mechanical, rheological, barrier and biodegradation properties. Few recent studies on 
the biodegradation of polyethylene nanocomposites have found that the presence of 
clay helps in the biodegradation of the polymer [16, 17]. However there have not been 
many attempts to investigate the effect of clay in the presence of pro-oxidants or vice-
versa in the biodegradation of polyethylene. 
 
 
 
1.2. Aims and Objectives of the Research Project 
 
The main aim of this study is to investigate the effect of clay on the oxo-biodegradation 
of polyethylene. The specific objectives that must be achieved to fulfil this goal are to: 
 
• prepare polyethylene nanocomposites by melt intercalation 
• evaluate structure-property relationship of polyethylene nanocomposites to 
study the optimal nanocomposite composition 
• prepare oxo-biodegradable polyethylene and oxo-biodegradable polyethylene 
nanocomposite using optimal concentrations of pro-oxidant and nanoclay. 
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• understand the oxo-biodegradation process for polyethylene and oxo-
biodegradable polyethylene 
• evaluate the effect of clay on the oxo-biodegradation of polyethylene with oxo-
biodegradable polyethylene and oxo-biodegradable polyethylene nanocomposite 
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CHAPTER 2. LITERATURE REVIEW 
 
2.1.  Overview of Polymer Biodegradation 
 
2.1.1. Plastics and Perceived Environmental Problem  
 
Sustainability is gaining importance in every aspect of policy making and business 
processes. Both policy makers and business leaders are in search of processes and 
products that have minimum environmental effects indefinitely. The politically 
favoured concept of sustainability has received the attention of researchers and 
scientists. Their main focus is to develop materials with low manufacturing energy 
demands preferably made from renewable resources [18]. Hence, it is common to 
assume “sustainable” to be synonymous with “renewable”. This has led to the popular 
belief that biopolymers are only the solution to deal with the plastics pollution. In an 
attempt to discover a solution for the “white pollution”, various strategies have been 
developed and tested. This chapter reviews some of the strategies reported in the 
literature. 
 
Polymers are large molecules made up of repeating units. The name is derived from the 
Greek word poly, meaning “many” and mer, meaning “part”. Polymers are ubiquitous 
in our world finding diverse applications in many fields because of their useful 
properties and low cost. Also, they contribute to the enhancement of our comforts and 
quality of life in the present modern industrial society. Polymer usage has experienced 
a tremendous growth from some hundreds of tons/year at the beginning of the 1930s to 
more than 150 million tons/year at the end of the 20th century. The forecast usage of 
polymer in 2008 is 280 million tons/year [19]. Although the polymers have contributed 
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significantly to improve the standards of our life, they are the source of an atypical 
problem known as “white pollution”.  This problem arises because more than half of 
the polymers are used only for a short period or only once.  
 
Many approaches have been developed in handling the aforementioned problem of 
managing the post-consumer polymeric materials. These include source reduction, 
product reuse, product recycling, energy recycling and development of environmentally 
degradable polymeric materials.  
 
Among them recycling is quite attractive but it has some serious disadvantages and they 
are as follows: 
• Inferior quality products which prevent them in many high end applications 
• Contamination observed in recycled plastics prevents them to be used in food 
packaging applications 
• The collection of post consumer products and the maintenance of disposal 
facilities by local authorities add to the cost of final products 
• Final price of the recycled products  
 
Development of environmentally degradable polymers to deal with plastic pollution has 
been receiving a lot of attention among researchers. Environmentally degradable 
polymeric materials can degrade via physical, chemical, mechanical or biological 
actions or by a combination of these mechanisms [20]. The loss of structural integrity 
of polymers results from the combined action of rain, heat, wind, sunlight, insects, 
animals, micro-organisms and so on. There are many demands that the environmentally 
degradable materials have to fulfil. Their service-life has to be controlled to ensure the 
safe use of the products with no possibility of premature failure or release of 
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contaminants from the material. After the service-life, the material should degrade to 
harmless products in a controlled way. The environmental conditions are very 
important for the degradation to occur. Ultimate biodegradation of polymers depends 
on conditions such as temperature, moisture, oxygen and microbial population present 
in the environment. Low molecular weight organic compounds can directly undergo 
biodegradation by microbial activity. It has been observed that linear alkanes with 
molecular weight lower than 620 support microbial growth whereas those having high 
molecular weights are not consumed by microorganisms [21, 22]. Therefore in the case 
of polymers, molecular weight is so high that it becomes obligatory to reduce their 
molecular weight for microbial degradation to occur. More details about polymer 
biodegradation will be provided later in this chapter. 
 
Based on the degradation mode observed in polymers, they may be classified as 
degradable, photo-degradable, thermodegradable or biodegradable. It is important to 
recognise that these degradation modes will decide the disposal pathway. Hence, 
understanding polymer biodegradation mechanism is extremely important not only for 
designing polymers but also in selecting the polymer disposal method. 
 
The product specification targets for ‘ideal’ biodegradable plastics films, as recognized 
in laboratories working on development of materials for one-trip packaging 
applications, can be listed as follows [18].  
 
Biodegradable plastics films should 
1. have a controlled lifetime at ambient temperatures until they are terminated by 
abrupt mechanical collapse followed by slow biological breakdown by aerobic 
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or anaerobic microbiological metabolization into soil humus and eventual return 
to the carbon cycle in accelerated municipal solid waste (MSW) composting; 
2. recyclable in-plant or as part of post-consumer waste schemes; 
3. have no greater calorific value than conventional film and therefore be no more 
difficult to incinerate where this is the practice; 
4. preferably replace a significant amount of a non-renewable resource material 
such as polyolefins by  renewable resource materials such as starch or cellulose; 
5. be produced in an existing processing plant without major machine 
modification; 
6. not increase the price of plastics film by more than about 15%; 
7. not show extraction figures above the level specified for food packaging 
applications  
8. allow the degradation properties of products to be readily checked by short term 
quality control procedures which will eventually  become national standards; 
9. allow this technology to be transferable without difficulty to products produced 
by other polymer processing methods such as injection moulding, extrusion 
coating and film casting; 
10. have degradation products which are essentially the same as the decomposition 
products from familiar natural products and should not, therefore, create any 
undesirable secondary pollutants. 
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2.1.2. Overview of Degradable Polymers 
Degradable polymers can be natural and synthetic. They can be broadly classified as :  
 Photodegradable polymers 
 Directly biodegradable polymers  
 New forms of natural polymers 
 Autoxidizable polymers  
 Water soluble polymers 
 
 
Photodegradable polymers 
Photodegradable polymers are materials that undergo degradation due to exposure to 
sunlight or by the combined action of sunlight and atmospheric oxygen. They are 
prepared by the synthesis of sensitized copolymers and using additives that help to 
photosensitize the polymers. Photodegradable polymers degrade in presence of sunlight 
when photochemical destruction of polyolefins takes place resulting in polymer chain 
breakdown. This process causes a loss of physical properties which usually manifests 
into a severe reduction in tensile strength and increase in brittleness. Laboratory studies 
have shown that a certain degree of biodegradability is developed in intensively 
irradiated photodegradable polymers but these results cannot be assumed to apply in the 
real environment [13, 23, 24]. 
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Biodegradable Polymers 
Biodegradable polymers are materials that are quantitatively converted either into CO2 
and H2O or into CH4 and H2O, by the action of microorganisms under aerobic or 
anaerobic conditions, respectively. They include polyhydroxyalkanotes, polylactic acid, 
polyglycolic acid, and polycaprolactone. Polyhydroxyalkanotes are naturally occurring 
polyesters that are produced by micro-organisms using renewable resources such as 
glucose. Zeneca Inc., had developed a controlled fermentation process to produce 
polyhdroxyalkanote copolymers by feeding bacterial monocultures with a variety of 
carbon substrates. Unlike other biological polymers, polyhydroxyalkanotes are 
thermoplastics with a melting temperature around 180°C [25]. They have received a lot 
of industrial attention for a wide range of applications such as environmentally 
degradable thermoplastics. 
 
Polymers with an ester group on the backbone are sensitive to attack by non-specific 
esterase secreted by micro-organisms or by purely hydrolytic mechanism. Polylactic 
and polyglycolic acids are the simplest form of these type of polymers. Copolymers of 
polylactic acid and polyglycolic acid are used in medical applications. By adjusting the 
crystallinity of copolymer, their degradation rate can be controlled enabling them to be 
used in specific applications. But the cost of these materials restricts them to be used in 
specialized applications such as those in the biomedical field. 
 
New forms of natural polymers 
Starch, cellulose and lignin are natural polymers that constitute mainly living matter. 
These polymers are not used directly but used in new forms. Starch is used in its natural 
granular form as biodegradable filler or destructurized or gelatinized form in starch 
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based compositions. It can be used also to make starch graft copolymers. Cellulose has 
long molecular chain consisting of only one repeating unit (glucose). It occurs naturally 
in crystalline state. It is used in modified state i.e. in cellulose acetate form. 
Biodegradation of starch is complicated and depends on the type of substituents and on 
the degree of substitution. Graft copolymers of cellulose/starch  can be used as 
compatibilizing/interfacial agents for alloying cellulose and starch with synthetic 
polymers to give biodegradable/biocompatible materials [26, 27]. 
 
Water Soluble Polymers 
Hydrolytically degradable polymers and plastics are materials that may undergo a 
hydrolytic degradation process. Poly vinyl alcohol (PVA) is a water soluble polymer. It 
is used in applications such as thickening agent for emulsions and suspensions and as a 
packaging film where water solubility is desired. Polyethylene glycol and PVA are 
readily degraded by micro-organisms. For water soluble polymers, branching on the 
polymer backbone is detrimental to biodegradation.  
 
 Autoxidizable Polymers 
Oxidatively degradable polymers and plastics are materials that undergo oxidative 
degradation process. Carbonyl (>C=O) and hydroperoxide (-OOH) are the important 
impurities recognised as responsible for the instability of polymers [28, 29]. This 
knowledge has been applied in solving the opposite problem of accelerating the 
bioassimilation of polymers in a controlled way after their useful purpose. 
 
 
 30 
2.1.3. Environmental Polymer Biodegradation and 
Mechanism  
Polymer degradation involves a reduction in the properties such as tensile strength and 
changes in colour shape etc under the influence of one or more environmental factors 
such as heat, light or chemicals. The degraded polymer becomes brittle and loses most 
of its mechanical properties which lead to a reduction in its useful life. The degradation 
mechanism observed in polymers can be summarised as  is shown in  Figure 2.1 [17]. 
 
 
Figure 2-1: Different degradation mechanisms observed in polymers [17]. 
 
As mentioned before, heat, sunlight and microbial actions are the main causes of 
polymer degradation and these actions will be discussed in detail below.  In order to 
design and develop novel biodegradable polymers, it is important to understand the 
degradation mechanisms. 
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Figure 2-2 shows the various modes of environmental polymer biodegradation. 
Generally biodegradation involves successive chemical reactions such as hydrolysis 
and oxidation-reduction with or without the aid of enzymes found in living organisms 
depending on the environmental conditions. 
 
 
Figure 2-2: Environmental Polymer Degradation 
               
Biodegradation is the biological process by which potentially toxic compound is 
transformed into a non-toxic one [30]. Microbial activity is easily found on organic 
compounds with molecular weight of 500 or less [21]. With increase in molecular 
weight it becomes extremely difficult for micro-organisms to allow the polymer 
molecule into their cells and metabolise them. Hence, it is essential to reduce the 
molecular weight of polymers for the biodegradation to occur. It is now well 
established that polymers are biodegraded in environment through two steps which are 
1) primary degradation and 2) ultimate biodegradation [31].  
 
Biodegradation of polymers starts with polymer chain cleavage which leads to the 
formation of low molecular weight fragments that can be assimilated by microbes. This 
reduction in molecular weight is either by hydrolytic-or-oxidative chain scission. 
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Polymers undergo hydrolysis using environmental water with the aid of enzymes 
(microbial activity) or under non-enzymic conditions (non-microbial activity). 
Autocatalysis using either heat or catalytic metals helps in non-enzymatic hydrolysis of 
polymers. Oxygen, catalytic metals, UV, heat and enzymes help in oxidative chain 
scission. The low molecular weight compounds formed due to chain scission can easily 
enter into microbial cells. Microbes assimilate these compounds under aerobic 
conditions to produce carbon dioxide and other metabolic products.   
 
Based on the type of first step in the environmental polymer biodegradation, 
biodegradation can be classified into two different processes: hydro-biodegradation and 
oxo-biodegradation. 
 
Hydro-biodegradation  
Hydro-biodegradation is generally observed in naturally occurring polymers and also in 
many synthetic condensation polymers. Naturally occurring polymers containing 
polysaccharides and many synthetic condensation polymers initially undergo molar 
mass reduction by hydrolytic processes catalysed by enzymes. In the case of the 
polysaccharides, the products are sugars that can be readily bioassimilated by micro-
organisms indigenous to the environment leading to the formation of cell biomass and 
carbon dioxide. The cell acts as a seedbed for new plant growth and CO2 is ultimately 
recycled through photosynthesis in the environment in new biological growth. In the 
case of polyesters, such as polyhydroxyalkanotes and polycaprolactone, hydrolysis with 
molar mass reduction occurs first leading to the production of dicarboxylic acids, diols 
and hydroxy carboxylic acids which are then bioassimilated in the biodegradation 
stage. 
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Oxo-biodegradation  
Unlike hydro-biodegradable polymers, hydrocarbon polymers are resistant to water and 
do not hydrolyse or hydro-biodegrade but they do undergo systematic molar mass 
reduction by peroxidation at composting temperatures (50°-70°C) or in light at ambient 
temperatures. They give rise to small bioassimilable molecules similar, or in some 
cases identical, to those that are formed from the hydrolysis of hydro-biodegradable 
polymers [10]. Oxo-biodegradation is controlled less by the structure of the polymer. 
But it is influenced significantly by the antioxidants that are added during the  
manufacture of polymer to give them durability during use [32]. The rate of 
biodegradation of oxo-biodegradable polymers is directly related to the rate of abiotic 
peroxidation.  
 
2.1.4. Methods of Assessment for Biodegradability of 
 Polymers 
Polymer biodegradation in environment occurs due to a combination of factors, most 
important being light, heat, oxygen, and micro- and macro-organisms. To monitor the 
effects of these factors on biodegradation of polymers, suitable techniques which 
consider all the above mentioned factors should be developed.  
 
For the biodegradability assessment, the following factors need to be considered in 
developing test protocols: 
o Measurement: 
- Physico mechanical changes 
- Chemical changes and products formed 
- Weight loss 
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o Environment: 
- Natural 
- Simulated 
- Accelerated 
- Disposal 
- Use 
 
o Polymer: 
- Concentration 
- Form 
o Fate: 
- Environmental effects 
 
Based on these factors, various methods for assessing biodegradability of polymers 
have been developed [17]. Degradation alters polymer properties which can be 
monitored by using many analytical techniques. Various methods used for monitoring 
the degradation and analysing the degradation products are summarized in Figure 2.3. 
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Figure 2-3: Degradation evaluation methods [17].  
 
 
 
 
2.2. Biodegradation Studies of Polyethylene 
Polyethylene is the most widely used polymer for packaging and it accounts for more 
than 40% of the entire plastics usage. This versatile polymer has a very simple structure 
and made up of –CH2- repeating units. Polyethylene is produced by the radical or 
coordination polymerization of ethylene [33]. Radical polymerization of ethylene is 
initiated by traces of oxygen at high temperature and pressure. This leads to many 
defects in the structure of the polymer leading to the generation of many side groups 
which interfere with polymer’s crystallinity and lowers its density. This type of 
polyethylene is known as high pressure polyethylene or low density polyethylene. It 
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finds applications in packaging, labware and light duty materials. Polyethylene 
produced by coordination polymerization has almost no defects. This highly crystalline 
and dense polyethylene is known as low pressure polyethylene or high density 
polyethylene. It finds applications in packaging such as milk jugs, detergent bottles, 
margarine tubs, garbage containers and water pipes. 
 
Most of the products made from polyethylene are used for a short period and then 
discarded. Owing to the large amount of polyethylene used in these products, they lead 
to the generation of huge amounts of waste.  To reduce the impact of plastic waste on 
environment, there is a strong and urgent need to design polyethylene that would 
perform all its conventional functions but disappear at the end of its useful life. The 
following sections will discuss the reasons for the resistance of polyethylene towards 
biodegradation and the attempts made in solving this peculiar problem.  
 
It is well known that polyethylene is perfectly stable and not directly oxidisable [34]. 
Also, it is known that polyethylene is inert and not biodegradable [35].  However, the 
advancements in the understanding of the biodegradation mechanism of low molecular 
weight xenobiotic compounds by several micro-organisms help to understand the 
biodegradation of recalcitrant high molecular weight organic compounds such as 
polyethylene [36-38]. 
 
Polyethylene’s non biodegradability arises from its very high molecular weight and 
hydrophobic nature [4, 39]. Polyethylene consists of molecules with very high 
molecular weight (MW), typically several hundreds of thousands Dalton (Da) assembled 
from uniform –CH2– units. The molecular weight itself presents a serious problem 
because molecules of this size cannot enter the cell and therefore inaccessible to 
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intracellular enzyme systems. For other macromolecular substrates, in general, micro-
organisms often find a way of consuming them by producing extracellular enzymes 
which disintegrate the macromolecules into smaller fragments which can finally cross 
cell walls and cytoplasmic membrane. Polyethylene molecules contains only non-polar 
C–C and C–H bonds which do not provide centres for nucleophilic or electrophilic 
attack and therefore their chemical reactivity is strongly limited especially to radical 
reactions. The most reactive components are the rare defects in the polymer structure 
such as the tertiary carbons of branching, double bonds and incidentally present 
oxygen-containing groups. But the chances of these defects being present are very low 
and therefore their influence on the overall process is very limited. However, the 
presence of groups such as vinylidene groups is found to influence the photo-oxidation 
of polyethylene. 
 
In the solid state, polyethylene molecules are densely aligned and they form 
semicrystalline structures. They are also highly hydrophobic so that only a limited 
surface with a small number of free chain ends is usually available for enzymatic 
action. Diffusion of water in the polymer structure and the production of reactive 
molecules by micro-organisms are also less likely. Possibilities of water and oxygen 
diffusions in the crystalline zones are also very limited. 
 
Albertsson et al [4]  proposed a useful mechanism for the biodegradation of 
polyethylene. According to them, biodegradation of polyethylene occurs in two stages. 
The two stages are: 1) Abiotic oxidation (no biological action) 2) biodegradation by 
micro-organisms present in the eco-system.  It was found by these authors that the 
initial abiotic oxidation is an important step and it determines the rate of the entire 
process. In this step, polyethylene is oxidised and its molecular weight is reduced. As a 
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consequence, OH, C=O and COOH groups are introduced into the polyethylene chain 
which lead to further oxidation of polyethylene. The influencing factors in this stage 
were found to be temperature and sunlight. Abiotic oxidation is, therefore, considered 
to be crucial for the reduction of molecular weight of polyethylene and the generation 
of the low molecular weight compounds that can easily be consumed by micro-
organisms.  
 
With the understanding of non-biodegradability of polyethylene and two stages 
involved in its biodegradation, various strategies have been used to make it 
biodegradable. Blending of a biodegradable polymer such as starch with polyethylene 
is one of them. Another approach is to modify polyethylene to facilitate its 
biodegradation.  
 
The reasoning behind the blending of a biodegradable polymer with polyethylene is 
that the biodegradable polymer if present in sufficient quantity will be consumed by 
micro-organisms in the waste disposal environment leading to the disintegration of the 
plastic or the film containing the remaining inert components. This concept has led to 
the development of polyethylene-starch blends in which polyethylene is the continuous 
phase and starch is the dispersed phase. This blend can be easily melt processed to form 
films or plastics with polyethylene-like properties. 
 
In the second approach, polyethylene is modified by the addition of new compounds 
such as pro-oxidants that will help both the oxidation and the biodegradation of 
polyethylene. Such blends are called “oxo-biodegradable polyethylene”. The following 
sections review the literature on the degradation of oxo-biodegradable polyethylene. 
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2.3. Oxo-Biodegradation of Polyethylene  
As mentioned above, oxo-biodegradation is a two-stage process in which polyethylene 
is first converted by reaction with oxygen to low molecular weight fragments that are 
water wettable. These oxidized fragments are then biodegraded by the micro-
organisms. 
 
2.3.1. Abiotic Oxidation stage of Oxo-biodegradation  
 
The initial oxidation of polyethylene is required to reduce its molar mass by an order of 
magnitude and convert it from hydrophobic polymer into water wettable fragments 
[14]. This oxidation must occur rapidly at rates that are appropriate for the disposal 
environment. The stabilisers that are added to improve polyethylene’s stability make it 
hard for the polyethylene to degrade in the environment. To accelerate the initial 
oxidation, balanced amounts of both antioxidant and prooxidant additives are being 
added to polyethylene. Studies of polyethylene with such additives will be reviewed in 
the following section. 
 
Pro-oxidants are generally transition metal ion complexes. They are added to 
polyethylene in the form of stearate or other organic ligand complexes. Fe3+, Mn2+ or 
Co2+ stearates are the most commonly used pro-oxidants [8, 10, 35, 40].  
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Pro-oxidant chemistry is shown here using iron as an example. 
 
       Fe2+ + ROOH Fe3+ + RO·+ OH- ……………. (2.1) 
       Fe3+ + ROOH Fe2+ + ROO· + H+………….. (2.2) 
 
Where ROOH is polymer hydroperoxide unit. 
  
It has been known for some time that these redox reactions lead to a lowering of the 
activation energy of bimolecular peroxide decomposition. This decomposition by a 
redox couple (a transition metal in two oxidation states) will be an important factor in 
both heat and light- induced oxidation.  
  
Transition metal ions catalyse the hydroperoxide formation (equations 2.3 -2.6)  
POOH + Mn PO 
·
+ OH- +Mn+1………………………. (2.3) 
POOH + Mn+1 POO 
· 
+H+ +Mn.…………………………. (2.4) 
PO
·
+ PH POH + P 
·
        POOH + P
·           
  POOH ……… (2.5) 
                  
POO
·
+ PH  POOH + P
·
          P
· 
+ POOH ……………. (2.6) 
 
Where PH= Hydrocarbon polymer, POOH = Polymer hydroperoxide. 
 
O2+PH  
O2+PH  
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Reactions 2.3.3-2.3.6 lead to the rapid accumulation of hydroperoxides and equally 
rapid formation of low molar mass oxidation products. These rapid reactions must 
therefore be controlled during the service life of the product by peroxidolytic 
antioxidants that catalytically destroy hydroperoxides in a process not involving free 
radical formation. It should be noted that some of the  peroxidolytic antioxidants, such 
as zinc dialkyl dithiocarbamates (R2NCSS)2M, are thermal antioxidants but not light 
stabilisers [41].  
  
Many dithiocarbamate complexes (MDRCs) are very sensitive to sunlight. As long as 
the sulphur ligand in the molecule remains intact, these complexes act as photo-
antioxidants but they invert to photo- and thermo-prooxidants after photolysis. The 
ultimate end-point of this process is the conversion of the original polymer into 
biodegradable low molar mass products. 
 
Extensive studies have been carried out on thermo-oxidation of polyethylene to 
understand the effects of temperature, oxygen and various types of pro-oxidant system 
[8, 10, 35, 40]. Thermo-oxidation behaviour of pure polyethylene has been compared 
either with polyethylene pro-oxidant or biodegradable polymer/pro-oxidant systems. 
 
Temperature is an important factor in the oxidation of polyethylene in the environment. 
It is important to know the temperature experienced by polyethylene in the environment 
so that reliable tests can be designed. Normally polyethylene is disposed into landfills 
and composting units. The temperature experienced by polyethylene during composting 
varies between 50 and 90°C.  
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Accelerated degradation of two different starch-polyethylene films containing about 5 
wt % corn starch with/without prooxidant formulation was investigated by Sung and 
Nikolov [42]. Thermo-oxidation was conducted at 70°C for a period of 90 days. This 
work showed that the presence of a prooxidant additive is essential for the initiation of 
polyethylene degradation and the subsequent removal of starch from films. This work 
also proved that the rapid disintegration of plastics in the environment is due to 
synergistic actions of oxidative degradation of the polymer and starch biodegradation 
enhanced by mechanical forces. 
 
The chemical and morphological changes of environmentally degradable polyethylene 
films exposed to thermo-oxidation were studied by Khabbaz at al [6]. They used LDPE 
films modified with different combinations of biodegradable filler (starch), pro-oxidant 
and photosensitizer. The films were subjected to thermo-oxidation in an oven at 60°C 
and 100°C for a period of 14 days. Films with pro-oxidants were found to be more 
susceptible to thermal degradation than other films. Starch films did not show any 
degradation during this period. The major degradation products were found to be 
homologous series of carboxylic acids, ketones, hydrocarbons and lactones. 
 
The effect of temperature and oxygen on the degradability of polyethylene containing 
pro-oxidants was studied by Khabbaz et al [6] and Jakubowicz et al [8, 43]. 
Temperatures prevailing in compost were selected for these studies. The concentration 
of oxygen was varied during the tests using different mixtures of air and mixtures of 
oxygen and nitrogen. After various periods of oxidation, the effects of thermo-oxidation 
were evaluated by measuring the molecular mass of the materials. Time-temperature 
superposition principles were used to predict the life time of polyethylene. These 
studies revealed that temperature is the most important factor influencing the rate of 
thermo-oxidative degradation of polyethylene and oxygen concentration is of negligible 
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importance. The rate of aerobic biodegradation of the oxidation products was evaluated 
under controlled composting conditions by measuring the amount of carbon dioxide 
produced and it was found that the degree of bioassimilation was 60% after 180 days. 
 
Jakubowicz et al [43] studied the effect of moisture on the thermo-oxidation of oxo-
biodegradable polyethylene. The importance of humidity was examined using the 
following four air conditions: 0% RH (relative humidity)-dry air, 60% RH, 80% RH, 
and 100% RH (humid air). Their results showed that moisture has a strong accelerating 
effect on the rate of thermo-oxidation of polyethylene. Also, they found that fewer 
number of ester groups were formed in moist air as compared to that in dry air. This 
was attributed to the fact that esters may have been hydrolysed in moist air. 
Degradation results were found to be different for compost and oven tests for same 
humidity levels demonstrating the deactivating effects of some liquid components such 
as ammonia and hydrogen peroxide which can only be generated in composts by 
microorganisms. 
 
Environmental degradation of polyethylene starts with abiotic oxidation and the 
products of abiotic oxidation will be used in biotic environment by micro-organisms. 
Hence, it is important to identify these products. More than 200 different degradation 
products have been identified  after photo- and thermo-oxidation of polyethylene blends 
such as LDPE-Starch, LPDE-photodegradant additive and combination of LDPE, pro-
oxidant and starch [44]. The degradation products include alkanes, alkenes, ketones, 
aldehydes, alcohols, mono- and dicarboxylic acids, lactones, keto-acids and esters. 
Although the rate of degradation is different in different materials but the product 
patterns are the same in all materials after the same extent of degradation. It has also 
been shown that these oxidation products of polyethylene could be used by 
thermophilic fungi as a source of carbon for growth [45]. In summary, combination of 
 44 
photo- and biodegradation can be used to convert polyethylene into humus, water and 
CO2. 
 
The progress of degradation in the most of the above studies was followed by 
monitoring physical and chemical changes of the samples using analytical techniques 
such as FTIR spectroscopy, size exclusion chromatography and mechanical testing. 
 
 
 
2.3.1.1.  Fourier Transform Infrared Spectroscopy and Carbonyl Index 
 
Functional groups formed at the surface and in the bulk of the polymers during 
degradation are determined using Fourier Transform Infrared (FTIR) spectroscopy. IR 
spectroscopy is a measurement of the absorption of IR frequencies by samples placed in 
the path of a beam of light. A proton beam in the form of a laser bombards the surface 
of the sample and a photon is emitted after excitation. The radiation emitted is in the 
vibrational IR region and also referred in terms of wavenumbers (ν), which is the 
number of waves per centimetre. IR radiation is electromagnetic radiation with 
frequencies between 4000 and 400 cm-1. 
 
Chemical bonds absorb lights of varying intensities and varying frequencies. The 
frequencies at which absorption occurs can be directly correlated to chemical bonds. 
FTIR spectroscopy identifies the chemical groups by measuring the energy absorbed by 
the vibrations of the chemical groups. 
 
There are several techniques that can be employed to obtain FTIR spectra. Attenuated 
total reflectance (ATR) is a method that does not alter the original surface of the 
sample. In ATR-FTIR, there is an intimate contact between the sample surface to be 
 45 
analysed and a crystal (Figure 2.4). The beam enters the crystal at one end, travels 
through the crystal and excites the surface of the sample. The wavelengths of the 
photons emitted by the sample are recorded. Peaks occur at wavelengths that 
correspond to known functional groups. The penetration depth of the incident beam is 
dependent upon the index of refraction of the crystal and sample, and also the 
wavelength of the photon. However it is in the order of 0.5-3 µm. The exact penetration 
depth, dp, can be calculated using Equation 2.7 as follows: 
 
  2/12
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………………… (2.7) 
 
 
where n1 = refraction index of crystal, n2 = refraction index of sample, λ = wave 
number and θ = angle of crystal. 
 
Figure 2-4: Schematic representation of attenuated total reflectance FTIR set-up 
 
FTIR spectroscopy has been employed to study the changes in the surface chemistry of 
polyethylene after weathering. Several papers have been published in which FTIR 
spectroscopy was used to monitor the formation of carbonyl group. 
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It is well known that when polyethylene is oxidised, low molecular weight compounds 
are produced on the surface and in the bulk of the film [46]. Carbonyl groups usually 
account for most of the oxidation products [47]. The concentration of carbonyl groups 
can be used to monitor the progress of degradation. In the infrared spectra, the carbonyl 
region is composed of different overlapping bands including those of acids (1712 cm-1), 
ketones (1723 cm-1), aldehydes (1730 cm-1) and lactones (1780 cm-1).  
 
The concentration of carbonyl compounds in degraded samples is also expressed in 
terms of ‘carbonyl index (CI)’. Carbonyl index (CI) is defined as the ratio of the 
absorbance of any carbonyl compounds to that of the invariant methylene absorbance. 
This index is widely used in the degradation studies of polyethylene after it was defined 
and used by Albertsson et al [4]. In one of the thermo-oxidation studies of polyethylene 
containing starch and pro-oxidant system, the surface oxidation was monitored using 
FTIR results [13]. In this study, the carbonyl index of samples containing the pro-
oxidant system was found to increase when compared to that of the samples containing 
starch. This study has shown clearly that CI values can be used to determine the 
formation of different carbonyl compounds. One such investigation involved the 
determination of ketone and ester formation in polyethylene oxidation using CI values 
[42]. This investigation revealed that the formation of ketone group is dominant as 
compared to that of ester group during oxidation. Thermo-oxidation studies of 
polyethylene containing pro-oxidant and starch were conducted by Khabbaz et al [6] 
and FTIR was used to determine the degradation products. In this study they found that 
the level of carbonyl group formation on the surface is almost the same as that in the 
bulk of the film. This work also revealed that the information obtained from the 
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degradation study can be directly related to the variations in molecular weight, 
mechanical properties, melting behaviour and microscopic analysis. 
 
Chellini et al [2] studied the thermo-oxidation of polyethylene-pro-oxidant system and 
found that low molar mass compounds were present in oxidised fractions. Further 
analysis in this study showed that the low molar mass oxidation products are vulnerable 
to microorganisms due to their wettability and functionality. The relationship between 
the Mw and CI was found to have monoexponential decreasing trend. The authors 
suggested that the CI values may be used to predict the decrease in Mw values as a 
function of oxidation level. Moreover, the recorded trend in this study was in agreement 
with a statistical chain scission mechanism observed in the photo and thermal 
degradations of polyolefins by Scott [48], Erlandsson et al [13] and Albertsson et al 
[49]. 
 
 
2.3.1.2. Gel Permeation Chromatography and Molecular Weight 
 
It is clear that the high molecular weight is the main reason for the non-biodegradability 
of polyethylene. Therefore one of the objectives in making polyethylene biodegradable 
would be to reduce its molecular weight rapidly after its service life. Hence, it is 
important to monitor the molecular weight variations during the degradation of 
polyethylene. The following section discusses the techniques used in the determination 
of polymer molecular weight. 
 
Polymers are not described by one unique value of molecular weight. Rather, a given 
polymer will have a distribution of molecular weights.  The most commonly used 
values in describing the polymer properties are number average molecular weight (Mn) 
and weight average molecular weight (Mw). Mn describes the properties that depend on 
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the number of molecules present in the polymer whereas Mw describes the properties 
that depend not just on the number of polymer molecules but also on the size or weight 
of each polymer molecule. 
 
Chromatographic techniques involve passing a solution containing the to-be-tested 
sample through a medium that shows selective absorption for the different components 
in the solution. Gel permeation chromatography, also known as size exclusion 
chromatography is widely used for molecular weight and molecular weight distribution 
determination. It is a form of chromatography that is based on separation by molecular 
size than chemical properties  
 
The basic principle underlying the separation of different fractions of a polydispersed 
sample is based on the size of individual polymer molecules that explore the pore 
system of the column material. Large molecules are excluded from small pores and can 
only diffuse into a restricted part of the pore system within the beads while the smaller 
ones would enter into the pores of the bead. Thus large molecules would have less 
residence time and would emerge first. The time taken by specific fraction to elute is 
called its “retention time”. The schematic presentation is of solvent flow in GPC is 
shown in Figure 2-.5. 
 
Figure 2-5: Schematic presentation of the basic principle involved in GPC (Waters User 
Manual) 
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To obtain reliable information from GPC, a calibration curve is necessary. This is 
obtained by separately eluting narrowly dispersed polymers like polystyrene, 
polyethylene oxide etc and determining the retention time (or volume) for each sample. 
The information obtained is used to prepare the calibration chart which can be used to 
determine the molecular weight of an unknown polymer fraction. A typical calibration 
plot is shown below in Figure 2-6. 
 
 
Figure 2-6: Calibration plot of log molecular weight versus elution volume for narrow 
dispersed polymer of known molecular weight 
 
In degradation studies, molecular weight of samples is monitored and the differences 
observed in the molecular weights of degraded and non-degraded samples are used to 
indicate the extent of degradation achieved. Although there have been many studies on 
thermal oxidation of polyethylene, the minimal level of abiotic oxidation required to 
make the polyethylene film ultimately biodegradable is not yet established. However, it 
has been proven that linear paraffins below a molecular weight of about 500Da  are 
easily utilized by several micro-organisms [21]. Hence, the strategy in making 
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polyethylene biodegradable would involve reducing its molecular weight to about 
500Da and make it acceptable for micro-organisms.  
 
In one of the thermo-oxidation studies on polyethylene blends containing pro-oxidants 
and starch, Karlsson et al [50] monitored the changes in molecular weights and 
polydispersity to determine the degradation mechanisms. It was concluded that the pro-
oxidant helps the oxidation of polyethylene by reducing its molecular weight abruptly 
and thereby facilitating its biodegradation.  
 
Abiotic oxidation (photooxidation and thermo-oxidation corresponding to about 3 years 
of outdoor weathering) of high density polyethylene (HDPE) and low density 
polyethylene (LDPE) films both containing a combination of antioxidants and pro-
oxidants was studied by Kounty et al [15]. For both materials, they observed drastic 
reduction in molecular weight and narrowing of molecular weight distributions curves 
with the progress of oxidation. They also found that the oxidised polyethylene samples 
become hydrophilic and more vulnerable to microbial attack.   
 
The effects of different degradation conditions on the oxidative degradation of 
polyethylene (PE) film samples formulated according to a proprietary technology has 
been investigated by Chellini et al [2]. The samples also contained pro-oxidant 
additives. The effects of temperature and relative humidity have been evaluated by 
monitoring several parameters associated to oxidation. They include cleavage of 
macromolecules and the associated weight variation due to oxygen uptake, film 
wettability, carbonyl index, molecular weight and the extractability with polar solvents 
of oxidized PE samples. They found that the proprietary prodegradant systems used in 
the formulation of LDPE film samples are effective in inducing the oxidative 
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degradation of the polymer backbone. They also found that the rate of degradation 
depends directly on temperature. It was also observed that the presence of moisture has 
delayed the start of oxidation in few low temperature experiments. However, the final 
levels of oxidations under dry and wet conditions were found to be nearly the same. A 
substantial decrease in molecular weight was detected for polyethylene with proprietary 
prodegradant oxidation levels off. This has been attributed to the production of low 
molar mass, oxidized fractions. Chellini et al [2] also noticed that changes in the 
molecular weights of the tested samples could be easily reproduced with 
monoexponential decay curve which allows straightforward assessment of the relative 
extent of degradation and indirect prediction of  the  potential assimilation by micro-
organisms. 
 
 
2.3.2. Microbial Degradation of Polyethylene 
Microbial degradation stage is crucial in determining the environmental fate of 
polyethylene. In this stage it is expected that carbon in polyethylene will be utilised and 
converted into carbon dioxide by micro-organisms. However, polyethylene is highly 
resistant to microbial attack in the environment. The reasons for its non -
biodegradability arises from its high molecular weight and hydrophobic nature [4, 39]. 
As mentioned before in this chapter, this problem may be dealt in many ways, i.e. 
reduce molecular weight of polyethylene or isolate micro-organisms that directly act on 
polyethylene. The following section deals with the developments in unravelling this 
problem that relies both on microbiology and polymer science.  
 
It is reasonable to think that the bioinertness of polyolefins is due to their 
hydrophobicity and high molar mass values. The absence of any functional groups that 
 52 
are readily attacked by micro-organisms is also another reason. For example, extra-
cellular microbes that operate in aqueous media cannot wet the surface of polyolefins. 
On the other hand, polyethylene that has undergone significant oxidative degradation 
can support microbial growth [9, 51]. This is because the oxidation products formed on 
and near the surface of the plastics render it water wettable. Also, the reduction in 
molar mass leads to the formation of many more polymer chain ends which are the 
locations at which many extra-cellular enzymes commonly react with a substrate. The 
products of aerobic biodegradation of polyethylene are carbon dioxide, water, biomass 
(dead microbial cells) and humic material. Although the above mentioned process is 
considered to be the usual biodegradation process for conventional polyethylene, 
stabilised polyethylene in the usual disposal environment may take a longer time to 
oxidise. 
 
Biodegradation is defined as an event that takes place due to  the action of enzymes 
and/or chemical decomposition associated with the living organisms or their secretion 
products [30, 52]. It should also be noted that the biodegradation in nature is not a 
direct process involving the micro-organisms. It occurs due to the combined action of 
heat, sunlight and micro-organisms.  
 
Polyethylene is generally considered to be resistant to microbial attack. It is now 
realised that biodegradation takes place in polyethylene but it is very slow and takes 
about 400 years. When polyethylene is disposed into the environment, it is biodegraded 
due to the biological agents present. Biological agents such as bacteria, fungi and their 
enzymes consume a substance as a food source so that its original form disappears. 
Fungi and bacteria present in soil are of particular interest in the biodegradation of any 
type of polymer and hence much of work has been done with these organisms. 
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Microbial degradation studies are carried out to know 1) the mechanism of degradation, 
2) influence of abiotic oxidation stage on biodegradation 3) identifying the microbes 
that can directly degrade the polyethylene  
 
Biodegradation of polyethylene by the fungus Aspergillus Niger was studied using 
DSC and FTIR techniques by Raghavan and Torma [53]. They used the fungus to 
degrade commercially available polyethylene samples. Quantitative calorimetric 
measurements performed on abiotically and biotically degraded polyethylene samples 
revealed that the amorphocity of the samples decreases during the biodegradation 
process. In addition, it was found that the external substrates in the growth medium 
influence the biodegradation process of polyethylene. It was also found that the adopted 
micro-organisms are able to metabolize only a few portions of the polyethylene.      
 
Weiland et al [10] studied the biodegradability of thermally oxidised polyethylene 
under various conditions: (1) on solid agar in the presence of a suspension of mixed 
spores of four fungi (Aspergillus niger, Penicillium funiculosm, Paecilomyces variotii 
and Gliocladium virens) (2) in three composting units differing in temperature, 
moisture content and the nature of the composted materials and (3) in liquid media 
(respirometric flasks) in the presence of three Streptomyces strains (S. badius, S. 
setonii, S. viridosporus) or in a suspension of micro-organisms from compost.  
 
Qualitative evidence for bioassimilation of the oxidized PE films was obtained for 
experiments involving fungi and composts. It was found that the coverage of the film 
surface by fungi increases as the molecular weight of PE decreases and it reaches 60% 
of the surface when Mn lies between 1500 and 600. With fungi and in compost, 
significant surface erosion was detected by SEM for samples with initial Mn values 
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around 1000. Important changes were also observed by FTIR, DSC and GPC. These 
three methods revealed in all cases the formation of a high molecular weight fraction 
which was not present before incubation and a shift of the molecular weight distribution 
curve towards higher molecular weight scale. This is an evidence to chain condensation 
probably due to thermal reactions occurring at the low partial pressures of O2 prevailing 
in the industrial composting units used in this work. The detection of high molecular 
weight fractions is also probably due to the bioassimilation of lower molecular weight 
fractions. For incubations performed in liquid media in the presence of a suspension of 
micro-organisms from compost, biodegradation was found to be significant when the 
substrate concentration was very low (0.006%). Despite the presence of unavoidably 
large errors in these conditions, oxygen uptake was evident and the biodegradation of 
low molecular weight fractions of the sample was clearly demonstrated. 
 
The environmental biodegradation of polyethylene containing a TDPA® ( totally 
degradable plastic additive) was investigated in two stages by Bonhonmme et al [9]. 
Their experiments include abiotic oxidation in an air oven to simulate the effect of the 
compost environment and biodegradation in the presence of selected micro-organisms. 
They tried to correlate the loss of low molar mass oxidation products from the polymer 
with the growth of selected micro-organisms. Their results indicated that thermo-
oxidation has significant effect on overall biodegradation. 
 
In another study by Hadar and Sivan,  Rhodococcus ruber (a bacterium) was colonized 
on polyethylene in a liquid medium in which polyethylene was the only carbon source 
[54, 55]. The strain was able to utilize the polyethylene and formed a biofilm on the 
surface of the polymer within 30 days. However the bacterial growth was found to 
decrease with time. 
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Biodegradation of polyethylene by the thermophilic bacterium Brevibacillus 
borstelensis isolated from soil was investigated by Hadad et al [56]. The aim of this 
work was to select the bacteria that can degrade polyethylene and factors that affect the 
process of biodegradation. Both UV-treated and untreated polyethylene were incubated 
with the bacteria for 30 days and then analysed. Results indicated that both UV-treated 
and untreated polyethylene samples were biodegraded by the bacteria but the UV-
treated samples were found to have greater rates of biodegradation. 
 
Biodegrability of high density polyethylene (HDPE) and low density polyethylene 
(LDPE) films both containing a balance of antioxidants and pro-oxidants was studied 
with microbial strains such as with Rhodococcus rhodochrous and Nocardia asteroides 
in mineral medium by Kounty et al [15]. After an abiotic pre-treatment including 
photooxidation and thermo-oxidation corresponding to 3 years (approximately)  of 
outdoor weathering the samples were inoculated and  incubated up to 200 days. The 
metabolic activities of the microorganisms were followed by measuring adenosine 
triphosphate content during this period. Simultaneously the growth of cultures was also 
monitored by optical microscopy and FTIR spectroscopy. The initial phase of fast 
growth caused by the presence of low molecular extractable compounds was followed 
by a long period of stabilized metabolic activity suggesting that micro-organisms 
continued to gain energy from the substrate but at a much slower rate. Complementary 
analysis performed at the end of incubation revealed that the biodegradation processes 
probably affected only the surface layer of materials. 
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2.4. An overview of Polymer Layered Silicate Nanocomposites  
 
 
2.4.1. Polymer Layered Silicate Nanocomposites 
 
Nanocomposites are a new class of composites that are particle-filled polymers for 
which at least one dimension is in the nanometer range.  To establish structure-property 
relationships in the polymer layered silicate nanocomposites, a detailed characterisation 
of nanoscale morphology of both the layered silicate and polymer is essential.  
 
2.4.2. Layered Silicate Structure 
The layered silicates commonly used in the nanocomposites belong to the structural 
family known as the 2:1 phyllosilicates [57]. Common members of this family are 
montmorillonite, hectorite and saponite. 
 
The crystal lattice of these layered silicates consists of two-dimensional 1 nanomter 
(nm) thick layers where a central octahedral sheet of alumina or magnesia is fused to 
external silica tetrahedron sheets. The lateral dimensions may vary from 30 nm to 
several microns or large, depending on the particular layered silicate. The chemical 
formula of montmorillonite is Mx(Al4-xMgx)Si8O20(OH)4 and the idealized structure is 
shown in Figure 2-7 [57, 58]. 
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Figure 2-7: Structure of 2:1 phyllosilicates [57, 58] 
 
 
The layers of montmorillonite organize themselves to form stacks with a regular Van 
der Walls gap in between them known as interlayer or the gallery. In the layers, ions are 
replaced i.e. in the tetrahedral sheet, and the tetravalent silicon is sometimes replaced 
by trivalent aluminium, and in same way divalent magnesium replaces aluminium in 
the octahedral sheets. This kind of substitution is known as isomorphic substitution as 
the atoms involved are of the same size. Isomorphic substitution creates a net negative 
charge on the surface of the layer which is generally counterbalanced by hydrate alkali 
or alkaline earth cations such as sodium or calcium residing in the interlayer space. One 
of the main advantages of these layered silicates is that the cations present in the 
interlayer are exchangeable and they can be replaced with other cations. This is a very 
important factor in the preparation of polymer layered silicate nanocomposites. 
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2.4.3. Modification of the Layered Silicate Structure 
Normally the pristine layered silicates contain hydrated Na+, K+ or Ca2+ ions in the 
interlayer space and therefore are hydrophilic and have very poor miscibility with 
hydrophobic polymers. Hence, one must convert the hydrophilic silicate surface of 
layered silicate to hydrophobic, increase gallery spacing with larger molecules and 
make them miscible with polymer matrices. This is done by cation exchange process in 
which free cations are substituted with cations of organophilic agents. The number of 
cations that can be exchanged in a layered silicate are constant and known as the cation-
exchange capacity (CEC). The CEC of montmorillonite varies from 80 to 150 
milliequivalents (meq)/100g. 
 
Many compounds were used in the modification of layered silicates. Amino acids were 
the first compatbilizing agents used in the synthesis of nanocomposites (polyamide6-
clay nanocomposites [59]. Alkylammonium ions are the most popular agents used; this 
includes primary, tertiary and quanternary ions. One of the advantages of these ions is 
that they can replace the free ions within the layers and therefore increase the layer 
spacing and therefore increase the possibility of intercalation of many polymers. 
 
2.4.4. Polymer Layered Silicate Nanocomposites Structures 
Three different types of structures are obtained depending on the strength of interfacial 
interaction between polymer chains and silicate layers. They are phase separated, 
intercalated and exfoliated nanocomposites as shown in Figure 2.8. 
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Figure 2-8: Different structures of the polymer layered nanocomposites 
 
Phase separated nanocomposites are the result of immiscibility between the polymer 
and layered silicates and are same as that of the traditional microcomposites. The 
property enhancement is not much higher in these composites due to the absence of 
nano level interaction between the layered silicate and polymer matrix. Intercalated 
morphology is the result of the insertion of polymer chains into layered silicate. There 
will be well ordered multilayer morphology built up with alternating polymeric and 
layered silicates. In exfoliated structure the silicate layers are completely and uniformly 
dispersed in the polymer matrix. This is the kind of structure that is of very much 
interest as the polymer-clay interaction will be maximum and it results in tremendous 
property enhancement. 
 
 
 
 60 
2.4.5. Structural characterization of Polymer layered silicate 
Nanocomposites 
 
Structural characterization of polymer layered silicate nanocomposites is very much 
essential in establishing the structure-property relationship. Complimentary techniques 
like wide angle X-ray diffraction and transmission electron microscopy are commonly 
used in order to characterize the polymer nanocomposites along with other techniques 
like atomic electron microscopy [60], nuclear magnetic resonance [60-62] and neutron 
scattering methods [63]. 
 
Wide angle X-ray diffraction is the obvious choice as the layered silicate would have 
periodic arrangement in the nanocomposite and in pristine form. Also, it is well 
established in identifying the structures of clays in clay mineralogy [64]. Principle 
behind measuring the interlayer distance between layered silicates is diffraction. This is 
estimated by applying Bragg’s law to the first order diffraction peak. When the X-ray 
wave diffracts between the planes of the layered silicate sheets, they interfere 
constructively at a specific diffraction angle. For this angle, the path difference between 
the rays diffracted by the successive layers stacked upon each other with a constant 
periodicity is equal to multiple n of the wavelength of the X-ray λ as shown in equation 
(2.8). 
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Figure 2-9: X- Ray Diffraction Pattern  
 
 
  dnSin 2/λθ = …………………… 2.8 
 
where d is the interlayer spacing of the silicate, θ is the characteristic angle, and n is a 
digit.  
 
The nanocomposite structure is identified by monitoring the intensity, position and the 
shape of the basal reflections from the distributed silicate layers. X-Ray diffraction 
(XRD) shows no change in peaks for a conventional composite, but it shows an 
increase in peak for an intercalated nanocomposite and no peak for exfoliated structure 
(delamination). But XRD cannot be the sole characterization technique as it cannot 
distinguish between intercalated disordered structures and exfoliated structures leading 
to confusion.  Hence, this technique is complimented by transmission electron 
microscopy (TEM), where one can see the polymer clay interaction directly [65].  
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In TEM, the image formation is due to the scattering of electrons as the electron beam 
passes through the sample. It provides good visual information about the organization 
of clay layers in the polymer matrix.  
 
2.4.6. Nanocomposite preparation methods 
Intercalation of polymers in the layered silicates is proved to be the best approach in the 
preparation of the polymer layered silicate nanocomposites. Three main strategies were  
developed for preparation of nanocomposites [58]. They are polymer solution 
intercalation, in- situ intercalative polymerization and melt-intercalation. 
 
Polymer solution intercalation has been widely used with water soluble polymers to 
produce intercalated nanocomposites based on poly (vinyl alcohol) [66, 67], poly 
(ethylene-oxide) [68, 69] . The layered silicate is first swollen in a polar solvent such as 
water, toluene or chloroform. When polymeric aqueous solutions are added to 
dispersions of fully delaminated sodium layers, strong interaction develop between the 
hydrosoluble macromolecules and the silicate layers. In other words, when polymer and 
silicate solutions are mixed, the polymer chains intercalate and displace the solvent 
within the interlayer of the silicate. Upon solvent removal, the intercalated structure 
remains, resulting in hybrids with the nanoscale morphology. This process requires 
relatively large amount of solvent for polymer intercalation which are generally 
environmentally unfriendly and economically prohibitive. 
 
In in-situ intercalative polymerization method, the layered silicate is swollen within the 
liquid monomer or a monomer solution so the polymer formation can occur between 
the intercalated sheets. 
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Polymerization can be initiated either by heat or radiation, by the diffusion of a suitable 
initiator, or by an organic initiator or by a catalyst fixed through cation exchange inside 
the interlayer before the swelling step [59]. This method was first used to prepare the 
polyamide nanocomposite by Okada et al [59]. 
 
Melt intercalation is the most widely studied method as it has got potential for 
application in industry. It involves annealing a mixture of polymer and silicate powder 
above the glass transition temperature of the amorphous polymer or melt point of 
crystalline polymer. Under these conditions and if the layer surfaces are sufficiently 
compatible with the chosen polymer, the polymer can crawl into the interlayer space 
and form either an intercalated or an exfoliated nanocomposite. In this technique, no 
solvent is required. 
 
2.4.7. Polyethylene Nanocomposite Preparation   by Melt 
Intercalation  
In this work, polyethylene is used as a model polymer primarily because of its wide 
application in packaging industry and thus contributing much of the litter problem. 
Degradation studies of polyethylene nanocomposites are very much important as the 
area is totally unexplored and the knowledge obtained would be helpful in finding 
suitable end applications for this material. Polyethylene nanocomposites used in this 
work is prepared by melt intercalation method and hence details on this technique are 
discussed in the following section.  
 
Polyethylene is non-polar i.e. no polar groups in its back bone. Therefore the 
homogenous dispersion of the hydrophilic silicate layers in its matrix is not possible. In 
general, layered silicate is modified with alkylammonium to facilitate its interaction 
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with a polymer because alkylammonium makes the hydrophilic silicate surface 
organophilic. However, the organically modified silicate does not disperse well in 
nonpolar polypropylene or polyethylene because such nonpolar polymers have very 
high hydrophobicity.  It was thought that in situ polymerization is the best way of 
producing the polyethylene nanocomposites, until the use of modified oligomer which 
can mediate the polarity between silicate layers and polymer is realised [70-73]. 
 
One of the modified oligomer is maleic anhydride grafted polyethylene. Maleic 
anhydride grafted polyethylene (PE-g-MA)/clay nanocomposites were prepared using 
melt intercalation technique [74]. The extent of exfoliation and intercalation completely 
depends on the hydrophilicity of the polyethylene grafted with maleic anhydride and 
the chain length of the organic modifier in the clay. An exfoliated nanocomposite was 
obtained when the number of methylene groups in the alkylamine (organic modifier) 
was larger than 16. This nanocomposite, with clay modified with dimethyl 
dihydrogenated tallow ammonium cations or octadecylammonium cations had a maleic 
anhydride grafting level higher than about 0.1 wt%. 
 
In another investigation, Gopakumar et al [75] prepared polyethylene nanocomposites 
with and without grafting maleic anhydride by melt compounding and studied the 
influence of exfoliated layered silicates on the physical properties. Nanocomposites 
with grafting showed exfoliated structure whereas those without grafting showed phase 
separated structure. They concluded that two conditions are required to produce the 
intensity of surface interactions required to exfoliate and disperse the clay in a 
polyolefin matrix. Firstly, the montmorillonite clay must be ion-exchanged to reduce 
the cohesive forces between clay platelets. Secondly, the polyolefin must be chemically 
modified to improve the adhesion between the polymer matrix and clay filler. This 
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study also led to explanations about the surface interactions that polar anhydride 
functionality promotes and the dipole and/or hydrogen bonding between the filler and 
the polyolefin, thus leading to improved dispersion of the clay in the polymer matrix. 
Thus it is clear that grafting is important in preparing polyethylene nanocomposites by 
melt intercalation technique. 
 
 
2.4.8. An overview on the degradability of polyethylene 
nanocomposites  
The degradation behaviour polyethylene nanocomposite is not well studied yet. 
 
The environmental degradation of thermoplastic nanocomposites has been evaluated 
under UV irradiation and in biotic environments by Pandey et al [16]. The 
nanocomposites showed higher degradability than virgin samples. It was assumed that, 
once oxygen reached the matrix, it will remain for longer time because clay will 
interfere in the path of O2 and therefore O2 will be easily available for longer time to 
initiate the degradation. This mechanism is not possible in neat polymer. 
 
Huaili et al [76] studied the photo-oxidative degradation of PE/MMT nanocomposites 
and compared it with that of neat polyethylene. The intercalated PE/MMT 
nanocomposites were prepared using twin-screw extruder. The films were exposed to 
UV radiation under oxygen atmosphere. They observed that the rate of degradation of 
PE/MMT nanocomposites is greater than that of pure PE after 200 h irradiation. FT-IR 
spectra of nanocomposites showed that there is a considerable increase in the intensity 
of the carbonyl region with increase in irradiation time indicating that the material is 
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undergoing degradation. But in the pure PE, the intensity in the carbonyl region is 
significantly low indicating that the degradation is not as significant. 
 
Based on the above review, it can be concluded that: 
 
1. Polyethylene is biodegradable but over a very long period of time. 
2. Biodegradation of polyethylene occurs in two stage process 1) abiotic oxidation 2) 
biotic degradation. The initial oxidation can be considered to be the rate 
determining step of the overall process. 
3.  Biodegradation of polyethylene is influenced by various environmental factors 
such as temperature, sunlight, wind and type of micro-organisms. 
4. Biodegradation in polyethylene can be induced by adding either pro-oxidant which 
can initiate the oxidation or natural polymers which facilitate microbial growth. 
5. Biodegradation of polyethylene nanocomposites is a new area of research and the 
work in this area has been done so far on the basis of knowledge of polyethylene 
biodegradation studies.  
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CHAPTER 3. MATERIALS AND EXPERIMENTAL 
INVESTGATIONS 
 
3.1. Introduction  
This chapter gives an overview of the various tasks involved in this project. Briefly 
these tasks are classified as follows: 
• Procurement of the materials 
• Preparation of various blends and nanocomposites 
• Structural and material properties characterisation 
• Selection of microbes 
• Oxo-biodegradation tests in two stages 
• Analytical characterisation of the oxo-biodegradation  
• Data analysis  
 
This chapter describes the various materials used and experimental work designed for 
studying the oxo-biodegradation of polyethylene. Also, details of techniques used in the 
preparation of blends and nanocomposites are discussed. Morphological and property 
evaluation techniques used in this project are described. Finally this chapter describes 
oxo-biodegradation tests and analytical techniques used in the study. 
 
 
 
 
 
 
 68 
3.2. Materials  
 
Oxo-biodegradation of polyethylene was studied using polyethylene, proprietary  pro-
oxidant and organically modified montmorillonite clay.  
 
3.2.1. Polyethylene  
 
Polyethylene (PE) is one of the most widely used commercial thermoplastics in the 
world today. PE counts for nearly 40% of the total thermoplastic production in the 
United States. The low cost of PE plus the versatility of its attainable properties with 
the modifications of its molecular weight and chain architecture have generated a 
plethora of commercial applications for PE. 
 
PE can be classified into three main categories according to the architecture of its main 
chain. The three principal types of PE which are used extensively in commercial film 
processing are (1) high-density polyethylene (HDPE), (2) low-density polyethylene 
(LDPE), and (3) linear low-density polyethylene (LLDPE). Some typical applications 
for polyethylene are bags, textile products, moisture barriers, greenhouses, and cable 
insulation. 
 
Polyethylene used in this project was film grade low density polyethylene. This was 
obtained from Qenos, Australia. The repeat unit of polyethylene is shown below. The 
main physical properties of polyethylene are shown in Table 3.1. 
 
   [-CH2-CH2-] n 
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Table 3-1: Physical properties of Polyethylene used in this project 
Properties Polyethylene 
Mw 220619 
Polydispersity  6.56 
Peak Melting Temperatures (°C) 130 
Uses Film extrusion 
 
 
           
3.2.2. Pro-oxidant  
Pro-oxidants are transition metal ion complexes which catalyse the oxidation of 
polyethylene and render its molecular weight reduction and thereby facilitate its 
biodegradation. Many companies have developed different pro-oxidant formulations 
based on different plastics disposal methods used. In this work a proprietary pro-
oxidant which has been developed for plastics that undergo composting was used.  
  
3.2.3. Organically Modified Montmorillonite Clay  
Commercially available organically modified montmorillonite clay was used in this 
project in the preparation of nanocomposites. This is known as Cloisite® 15A and will 
be referred as C15 A for brevity in the rest of the thesis.  C15 A was obtained from 
Southern Clay Products, USA. C15 A is produced by cation exchange reaction whereby 
pristine Na+-montmorillonite is modified using dimethyl dehydrogenated tallow 
quaternary ammonium chloride (quaternary ammonium salt) (Figure 3.1). This 
modified clay is considered to be suitable in the preparation of polymer 
nanocomposites with a hydrophobic polymer such as polyethylene. This is due to the 
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presence of long aliphatic chains that protrude out of the interlayer walls which render 
the originally hydrophilic MMT into an organophilic material. 
 
 
     
Figure 3-1 : Quaternary –ammonium salt that is used to produce C15 A. (Where 
HT is Hydrogenated Tallow (~65% C18; ~30% C16; ~5% C14). Anion: Chloride 
 
 
3.2.4. Maleic anhydride grafted polyethylene   
In general, layered silicate such as clay is modified with alkylammonium to facilitate its 
interaction with a polymer because alkylammonium changes the hydrophilic silicate 
surface into organophilic. However, the organically modified silicate does not disperse 
well in nonpolar polypropylene or polyethylene because they have very high 
hydrophobicity. It was thought that in situ polymerization is the best way of producing 
polyethylene nanocomposites until the use of modified oligomer which can mediate the 
polarity between silicate layers and polymer is realised [58, 77-79]. 
 
In this work, Fusabond® MX110D and supplied by DuPont has been used as modifier. 
Fusabond® resins are polyolefins and copolymers grafted with maleic anhydride. As 
polymer modifiers, Fusabond® resins can function as coupling agents, compatibilizers 
and impact modifiers in a wide assortment of resin systems.  
 
 71 
 
3.3. Preparation of Oxo-biodegradable Polyethylene and 
Nanocomposites  
Both oxo-biodegradable polyethylene and nanocomposites were prepared by melt 
intercalation. To prepare oxo-biodegradable polyethylene, polyethylene and proprietary 
pro-oxidant were mixed initially in a container.  This mixture was then extruded in 
Brabender twin screw extruder (Figure 3-2). In the preparation of nanocomposites, 5 
wt% Fusabond was blended with polyethylene initially to facilitate compatibility of 
polyethylene with C15 A and extruded in the Brabender twin screw extruder. This 
blend was used as the base polyethylene for all other preparations. 
 
 
Figure 3-2: Brabender twin screw extruder 
 
 
 The operating temperature of the extruder was maintained at 150, 155 and 170°C from 
the hopper to die section of the extruder and the operating screw speed was maintained 
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at 75 rpm. Oxo-biodegradable polyethylene produced from the extruder was pelletised 
and stored in sealed plastic bags before they were used in the blown film process.  
 
In the preparation of polyethylene nanocomposites, polyethylene and C15 A were 
premixed initially. This was done by mixing required amounts of polyethylene pellets 
and C15 A thoroughly in a container of appropriate size. This was done to ensure 
complete wetting of the polymer pellets with C15 A, which will aid the following melt 
extrusion process. Polyethylene nanocomposites with clay concentration of 2 wt%, 3 
wt%, 5 wt% and 8 wt% were prepared in this work 
 
The polyethylene/C15 A mixture was then melt blended by introducing it into the 
Brabender twin screw extruder. The operating temperature of the extruder was 
maintained this time at 150, 160 and 170°C from the hopper to the die section of the 
extruder and the operating screw speed was maintained at 60 rpm. The total residence 
time of the material in the extrusion process was about 8 minutes. Air- cooling was 
provided to maintain the temperature of the barrel wall at 160°C so as to prevent 
temperature ‘run away’ due to viscous heating during the mixing process. The twin–
screw extruder was chosen as opposed to batch mixers and single screw extruders due 
to its better dispersive and distributive mixing. The intermeshing, counter rotating 
screws provide intensive high shear. They are also self cleaning. The screws have a 
diameter of 41.8 mm with a length /diameter ratio of 7. The screws are of standard 
design with axial grooves having width and depth of 5 mm. In order to achieve good 
intercalated or exfoliated nanocomposites systems, it is imperative to disperse and 
distribute the organoclay thoroughly in the polyethylene matrix. Good dispersion and 
distribution help to promote high surface area of contact between the organoclay and 
the matrix. To achieve this goal, optimal mechanical shearing force and an adequate 
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residence time need to be provided [80]. Both these factors are governed by the screw 
speed. Too high screw speed would entail high viscous heating and an eventual 
degradation of the polymer. Low screw speeds do not provide adequate mechanical 
shearing forces although substantial residence time is achieved. For this reason, a speed 
that is in the mid-range (75 rpm) was chosen.  The residence time for the material 
within the extruder at this speed was approximately 70 seconds. Due to this short 
residence time, it was decided that the output of each extrusion cycle should be 
pelletised and put through the extruder repeatedly until a residence time of 
approximately 8 minutes is achieved. Enough care was taken to avoid the degradation 
of the polymer which can be determined by the decolouration of the polymer upon 
degradation. Evidence of degradation was also checked by using FT-IR spectroscopy. 
Absence of any variation in FTIR is an indication of no degradation.   
 
Nanocomposite pellets obtained from the extrusion process were dried at room 
temperature for 24 hours before using them for film preparation. Compositions of 
different nanocomposites and oxo-biodegradable polyethylene prepared in this project 
are shown in Table 3.2. 
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Table 3-2: List of different polyethylenes prepared for this work 
 Polyethylene 
(wt %) 
C15 A 
(wt%) 
Pro-oxidant 
(wt%) 
1 100 0 0 
2 98 2 0 
3 97 3 0 
4 95 5 0 
5 92 8 0 
6 98 0 2 
7 96 2 2 
 
 
 
3.4. Blown Film Process 
Oxo-biodegradation studies in this work were carried out using the film samples of 
polyethylene blends and composites. These films were prepared in our laboratory using 
an advanced blown film co-extrusion assembly manufactured by Strand Plast Massier, 
Sweden. This blown film line is shown in Figure 3-3. An outer die of 40 mm diameter 
with a 1 mm die gap was used in the process. Films were produced at 200°C (die exit 
temperature) and four different blower settings of 2.4, 2.6, 2.8 and 3.0 which 
correspond to average air velocities of 6.7, 7.2, 7.7 and 8.2 m/s, respectively outside the 
bubble. Average mass flow rate was maintained at 0.5 kg/hr in all cases. The film 
thickness during the process was found to vary between 60 and 80 µm. Identical 
processing conditions were used in blown film extrusion of all composites. 
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Figure 3-3: Blown film process set up  
 
 
 
 
3.5. Morphological Characterisation of Polyethylene 
Nanocomposites 
It is vital to know the morphology of polymer nanocomposites to understand the 
property enhancement observed in them. The morphology study reveals whether the 
state of dispersion of nanoclay in prepared nanocomposites is intercalated or exfoliated 
or simply it is similar to that of a microcomposite. There are several techniques that are 
used to study the morphology of nanocomposites. They include: atomic force 
microscopy, nuclear magnetic resonance, and neutron-scattering methods. However, 
wide-angle X-ray scattering (WAXS) and transmission electron microscopy (TEM) 
have gained lot of prominence in this field. In this project wide-angle X-ray scattering 
(WAXS) and transmission electron microscopy (TEM) techniques have been used for 
the morphological study. 
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3.5.1. Wide-Angle X-ray Scattering (WAXS)  
X-ray scattering techniques are generally divided into two types: small-angle (SAXS) 
and wide angle scattering (WAXS). This classification is based on the angle of 
deviation (2θ) from the direct or primary beam [81]. SAXS, as its name suggests, is 
scattering observed at small angles, typically less than 1° [82]. At angles greater than 
1°, the technique is designated as WAXS. Theoretically, WAXS measurements can 
extend upto 180° but for most polymers, scattering effects can be observed at angles 
well below 90° [82]. 
 
For the purpose of this research, WAXS was used to determine the extent of 
polyethylene intercalation into C15 A layers and hence the degree of layer swelling. 
This analysis is done by calculating the interlayer d-spacing. The d-spacing is 
essentially the distance between basal layers of layered silicates (or any other layered 
materials for that matter). The calculation of the d-spacing can be achieved with the use 
of Bragg’s law as represented by equation 2.4.5 and is shown in Figure 2.9 in Chapter 
2. 
 
The WAXS technique is very useful in describing the nanoscale structure of 
nanocomposites. From WAXS results, it can be determined whether the material has 
intercalated, exfoliated or an immiscible morphology. Intercalated morphologies 
produce an increase in d-spacing suggesting that polymer chains have penetrated into 
the interlayer spaces and pushed the clay layers apart. Generally, exfoliated 
morphologies do not give a WAXS peak. This indicates that a significant amount of 
polymer chains have entered the layer spaces and pushed them apart to such distances 
that no WAXS peaks may be observed. Immiscible morphologies produce peaks almost 
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identical to that of the original organoclay owing to lack of penetration of polymer 
chains into the interlayer spaces. 
 
The WAXS equipment used in this research is a Philips X-Ray generator using 30 kV 
accelerating voltage and 30mA current (Figure 3.4). Intensities from 2 θ= 1.2° to 30° 
were recorded using Ni filtered Cu-Kα radiation of wavelength, λ = 0.154 nm. The X-
ray study was conducted on two modes: 1) reflection and 2) transmission modes 
(Figure 3.5). 
 
 
Figure 3-4 : Philips X-ray diffraction equipment with a rotating sample holder 
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Figure 3-5: Rotating sample holder used to analyse nanocomposite samples in 
transmission mode.  
           
  
The reflection mode was primarily used for the analysis of organoclay powder samples 
to study their basal spacing.  In the reflection mode the incident beam hits the surface of 
the powdered organoclay samples and the resultant intensity of the scattered beam is 
measured by a counting detector. The scattering intensity recordings are mainly derived 
from the dark surface, as the absorption of X-ray scattering into a small depth of the 
sample. Thus, intensities recorded from this region give the information of basal 
spacing of layered silicates at the surface. The transmission mode was used for the 
analysis of d-spacing of polyethylene nanocomposites samples. The samples used for 
the WAXS study were of 2 mm thickness. Transmission mode was deemed suitable for 
nanocomposite samples as the volume element involved was much greater than that 
used in the reflection mode. As a result, one will be able to derive more information of 
layered silicate basal spacing from within the sample and not just from the surface. To 
eliminate the possible effects of preferred orientations, a rotating a sample holder was 
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used. In this way, the sample was rotated, thus permitting azimuthally averaged 
scattering intensity measurements. 
 
A computer recorded the scattering intensities. To eliminate the effects of background 
scattering due to the presence of particles in the air, the measured scattering intensities 
were modified by subtracting the background intensities at small angles. Background 
intensities were recorded using an empty sample holder [83].  
 
 
3.5.2. Transmission Electron Microscopy (TEM) 
WAXS is a useful technique for the measurement of d-spacing of ordered immiscible 
and ordered intercalated nanocomposites. But it may be insufficient for the study of 
disordered and exfoliated materials that give no peaks. More specifically, the lack of 
peak may be misinterpreted in cases where no peak is seen [65] . Many factors such as 
concentration and order of the clay can influence the WAXS patterns of layered 
silicates. For example, samples where the clay is not well ordered will fail to produce a 
Bragg diffraction peak, which is the correct result. The technique is not faulty when it 
suggests that sample is exfoliated when in reality it is highly disordered. Therefore, the 
lack of a peak obtained during WAXS analysis merely states that no peak is observed. 
It does not prove or disprove the existence of exfoliated clay plates in the 
nanocomposite.  For this reason, TEM was found to be very useful as it gave a pictorial 
view of the structure in the sample. Morgan et al [65] illustrated the use of TEM and 
shortcomings of WAXS by conducting analysis on polyetheramide nanocomposites.  
 
The principles of operation of TEM are similar to that of transmission optical 
microscopes except that for TEM, electrons are used to illuminate the specimen. The 
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highly energised (~80-200keV) electrons pass through the thin specimen (thickness 
<100 nm), and due to the transmission of electron, the internal structure of the 
specimen can be investigated. Electrons are matter having small wavelengths hence 
enabling the resolution of smaller objects (~0.2nm). 
 
The TEM equipment used in this study is the JEOL 100 CX with an accelerating 
voltage of 100kV and high vacuum.  The samples for transmission electron microscopy 
were prepared by sectioning the sample blocks on a RMC PowerTome XL 
ultramicrotome with a RMC CRX cryosectioning attachment. The thin sections, 
approximately 70 – 80 nm thick, were cut at -125°C with a diamond knife. The thin 
sections were picked up on a 300 mesh copper grid. The picked sections were stained 
with Ruthenium tetraoxide vapours and examined in a JEOL 100CX transmission 
electron microscope operated at 100 kV accelerating voltage. The samples were 
magnified to 25,0000X to 100,000X. The lower magnification was chosen to provide 
information on the dispersion and distribution of clay layers in the matrix. The higher 
magnification facilitated the analysis of individual layers and their distribution. The 
silicate layers in the samples appear darker due to the presence of heavier elements like 
alumina and silica compared to polymer matrix which would appear brighter due to the 
presence of lighter elements like carbon, and hydrogen.  
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3.6. Material Property Characterisation   
 
3.6.1. Evaluation of Mechanical Properties  
 
 Evaluation of mechanical properties is very important in determining the final 
applications of any plastics. These tests are used to compare the mechanical behaviour 
of different polyethylene samples used in this work. Stress-strain curves were 
determined using following equations for the calculation of stress (σ) and strain (ε): 
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=σ …………………………….3.1 
 
 
where F is the applied force and A0 is the cross-sectional area of the sample in mm2, 
and  
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where ∆L is the change in the gauge length of the specimen relative to the initial 
sample length L
0
. 
 
The modulus of elasticity (Young’s modulus) was determined by the slope of the initial 
sections of the stress-strain curves.  
      
Tensile strength at yield σy
 
is the stress at which the sample yields and it is determined 
by the following equation:  
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where Fy
 
is the applied force at yield in N and A
0 
is the initial cross sectional area of the 
sample in mm2. 
 
In this project tensile properties were determined according to ASTM D882. Test 
specimens conforming to ASTM D882 were cut from the films and were subjected to 
tensile test in quintets on an Instron Universal Testing Machine (Model: 4467, Instron 
Corporation, England). Changes in the mechanical properties i.e. tensile strength and 
elongation at break were monitored. Samples with a gauge length of 100 mm and width 
of 10 mm were cut from the films for tensile strength measurements as per ASTM 
D882. The speed of stretching was 100 mm/min and the tests were conducted at room 
temperature. Ten samples were tested for each experiment and the average value of the 
results was determined. 
 
3.6.2. Evaluation of Oxygen Barrier Properties  
 
Permeability is defined as the transmission of molecules through polymer films. In the 
literature, there are many definitions and units used to express permeability. However 
the best definition for permeability is expressed as: 
 
 
P =   (Permeant Quantity)× (Flim thickness)……………………3.4 
       (Area) × (Time) × (Pressure drop across the film)  
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In this project, oxygen barrier properties were determined using Mocon OX-TRAN 
2/21 system. The OX-TRAN 2/21 system uses a patented coulometric sensor 
(COULOX®) to detect oxygen transmission through both flat materials and packages. 
This high performance sensor (three models available, each with distinct ranges for 
higher accuracy) provides parts per-billion sensitivity even in the presence of water 
vapour. The Coulox sensor is an intrinsic or absolute sensor that does not require 
calibration. Calibration films are provided to ensure the entire system is performing to 
the highest MOCON precision and accuracy standards. The mocon testing unit is 
shown in Figure 3.6. 
  
 
Figure 3-6: Mocon Testing Unit  
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Figure 3-7: Test Cell diagram  
 
 
 
3.6.2.1. Permeability Experiment Method  
Oxygen permeability of films was tested on the basis of ASTM D3895. This standard 
has been widely used to analyse the gas barrier properties of polymer films. The 
instrument was calibrated at 23°C with National Institute of Standards and Technology 
(NIST) certified Mylar films of known transport characteristics. A continuos flow of 
gas was maintained on both sides of the barrier material during the test. Initially 
nitrogen gas was passed over both surfaces to remove oxygen in the material. The 
nitrogen on one side was then replaced by oxygen, and the nitrogen flow on the other 
side then swept the surface to extract any oxygen that diffused through the material. 
The diffusing oxygen was measured by a detector that is sensitive only to oxygen.  
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In this work flat film samples of the polyethylene or polyethylene nanocomposites were 
clamped into the diffusion cell (Figure 3.7), which is then purged of residual oxygen 
using an oxygen-free carrier gas. The carrier gas is routed to the sensor until a stable 
zero has been established. Pure (99.9%) oxygen is then introduced into the outside 
chamber of the diffusion cell. Molecules of oxygen diffusing through the film to the 
inside chamber are conveyed to the sensor by the carrier gas. The test sheets were 
laminated between two aluminium foil masks to reduce the area of exposure from 100 
cm2 to 5.4 cm2. The measurements were conducted at 23°C using 10% oxygen and 90% 
nitrogen mix. Ten samples were tested for each composition of polyethylene and an 
average reading was determined along with standard deviation.  
 
3.7. Rheological measurements  
 
Rheology of polymer nanocomposites helps in describing their behaviour in melt state 
and also reveals their microstructure. Rheology has been extensively used in the study 
of nanocomposites in conjunction with basic characterisation techniques such as XRD 
and TEM [84-87].  
 
3.7.1. Shear Rheology  
 
Steady shear rheological property was measured using the Davenport capillary 
rheometer. A capillary rheometer usually consists of a capillary tube of uniform internal 
diameter, D and length, L. The fluid is driven through the capillary by a piston that is 
tightly fitted to the cylinder. Capillary rheometer measures the flow rate of a fixed 
volume of fluid through a small orifice at a controlled temperature. The rate of shear 
can be varied by changing the capillary diameter and applied pressure. The capillary 
rheometer was operated at 200°C. The die used was 2 mm in diameter and 32 mm in 
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length. LDPE –clay nanocomposite pellets were poured to overfill the barrel and 
sufficient time was allowed to melt these pellets before the start of any measurement. 
 
 
 
3.8. Oxo-biodegradation Procedure  
Oxo-biodegradation is the combination of oxidation and microbial consumption of 
polyethylene. The whole process is conducted in two stages i.e. abiotic oxidation and 
microbial degradation. These two processes will be described in detail in the following 
sections. 
 
3.8.1. Abiotic Oxidation (Thermo-Oxidation) 
Thermo-oxidation of the composites was studied using an oven ageing test. This test 
involves ageing of films at selected temperatures. Films of the composites were cut into 
20 mm x 120 mm strips and placed in 40-ml glass vials with loosely screwed caps and 
subjected to heat treatment in the oven for a period of 14 days at 50°, 60° and 70°C. 
The aged films were sealed and stored at –10°C to minimise further oxidation before 
FTIR analysis. 
 
3.8.2. Microbial Degradation/Biodegradation  
Microbial degradation stage is crucial in determining the environmental fate of the 
polyethylene. In nature, soil, sewage, compost and marine areas represent different and 
complex biological environments where microorganisms of different species and 
genera are present. These microorganisms display a broad range of polymer-degrading 
abilities ranging from the complete degradation of a polymer in a given environment to 
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negligible degradation of the same polymer in another environment. Consequently, for 
a polymer to be used in a certain application, it should necessarily degrade in the 
environment of end usage and not necessarily degrade in other environments. Hence, 
one has to choose microbes that represent the end usage and disposal.  In this work, 
ASTM guidelines have been used to choose the bacteria. All polymers samples were 
exposed to pure cultures of Pseudomonas aeruginosa. The biodegradation test was 
conducted as described below. 
 
Bacterial strains (Pseudomonas aeruginosa) assayed for their ability to utilize 
polyethylene as the sole source of carbon and energy was grown in a minimal synthetic 
medium containing (per litre of distilled water): 1.0 g NH4NO3, 0.2 g MgSO4·7H2O, 1.0 
g K2HPO4, 0.1 g CaCl2·2H2O, 0.15 g KCl, 0.1 g yeast extract (Difco) and 1.0 mg of 
each of the following microelements: FeSO4·6H2O, ZnSO4·7H2O and MnSO4.  
 
All samples were subjected to biodegradation using the Pseudomonas aeruginosa strain 
which was obtained from RMIT culture collection. Bacterial cultures were maintained 
on nutrient broth or nutrient agar (Difco). Unless otherwise specified, liquid cultures 
(100 ml) were incubated in flasks (250 ml) on a rotary shaker (150 rpm) at 30 °C.  
Tests were conducted according to ASTM D5247. Samples were collected weekly and 
analysed for changes in physical and chemical properties.  
 
 
 
 
 
 88 
3.9. Analysis of Oxo-Biodegradation 
 
3.9.1. Fourier Transform Infrared Spectroscopy 
Infrared spectroscopy detects the vibration characteristics of chemical functional groups 
in a sample. When an infrared light interacts with the matter, chemical bonds will 
stretch, contract and bend. As a result, a chemical functional group tends to absorb 
infrared radiation in a specific wavenumber range regardless of the structure of the rest 
of the molecule. For example, the C=O stretch of a carbonyl group appears at around 
1700 cm-1 in a variety of molecules. Hence, the correlation between the band 
wavenumber position and the chemical structure is used to identify the presence of a 
functional group in a sample. The wavenumber positions where functional groups 
absorb are consistent, despite the effects of temperature, pressure, sampling, or changes 
in the molecule structure in other parts of the molecules. Thus the presence of specific 
functional groups can be monitored by these types of infrared bands, which are called 
group wavenumbers. 
 
 A Fourier Transform Infrared (FTIR) spectrometer obtains infrared spectra by first 
collecting an interferogram of a sample signal with an interferometer which measures 
all of infrared frequencies simultaneously. The spectrometer then digitizes the 
interferogram, performs the FT function, and outputs the spectrum. A schematic 
representation of FTIR setup is shown in Figure 3-8. 
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Figure 3-8: Schematic representation of FTIR set up 
 
An interferometer utilizes a beamsplitter to split the incoming infrared beam into two 
optical beams. One beam reflects off of a flat mirror which is fixed in place. Another 
beam reflects off of a flat mirror which travels a very short distance (typically a few 
millimeters) away from the beamsplitter. The two beams reflect off of their respective 
mirrors and are recombined when they meet together at the beamsplitter. The re-
combined signal results from the “interfering” with each other. Consequently, the 
resulting signal is called interferogram, which has every infrared frequency “encoded” 
into it. When the interferogram signal is transmitted through or reflected off of the 
sample surface, the specific frequencies of energy are adsorbed by the sample due to 
the excited vibration of functional groups in molecules. The infrared signal after 
interaction with the sample is uniquely characteristic of the sample. The beam finally 
arrives at the detector and is measured by the detector. The detected interferogram can 
not be directly interpreted. It has to be “decoded” with a well-known mathematical 
technique in known as of Fourier Transformation. The computer can perform the 
Fourier transformation calculation and present an infrared spectrum, which plots 
absorbance (or transmittance) versus wavenumber. 
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When an interferogram is Fourier transformed, a single beam spectrum is generated. A 
single beam spectrum is a plot of raw detector response versus wavenumber. A single 
beam spectrum obtained without a sample is called a background spectrum, which is 
induced by the instrument and the environment. Characteristic bands around 3500 cm-1 
and 1630 cm-1 are ascribed to atmospheric water vapour and the bands at 2350 cm-1 and 
667 cm-1 are attributed to carbon dioxide. A background spectrum must always be run 
when analysing samples by FTIR. When an interferogram is measured with a sample 
and Fourier transformed, a sample single beam spectrum is obtained. It looks similar to 
the background spectrum except that the sample peaks are superimposed upon the 
instrumental and atmospheric contributions to the spectrum. To eliminate these 
contributions, the sample single beam spectrum must be normalized against the 
background spectrum.  
 
Consequently, a transmittance spectrum is obtained as follows. 
 
  0/% IIT =  ………………………………3.5 
 
where %T is transmittance, I is the intensity measured with a sample in the beam (from 
the sample single beam spectrum) and Io is the intensity measured from the background 
spectrum 
 
The absorbance spectrum can be calculated from the transmittance spectrum using the 
following equation. 
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  TA 10log−= ……………………… 3.6 
 
where A is the absorbance. 
 
The final transmittance/absorbance spectrum should be devoid of all instrumental and 
environmental contributions and should have the features of the sample only. If the 
concentrations of gases such as water vapour and carbon dioxide in the instrument are 
the same when the background and sample spectra are obtained, their contributions to 
the spectrum will ratio out exactly and their bands will not occur. If the concentrations 
of these gases are different when the background and sample spectra are obtained, their 
bands will appear in the sample spectrum. 
 
A Perkin-Elmer 2000 infrared spectrometer was used to determine the oxidation and 
biodegradation in all polyethylene samples used in this project. The spectra were 
obtained using both attenuated total reflectance (ATR) and transmission modes. 
Interferograms were obtained from 32 scans. The scanning range was 4000 to 1300  
cm-1. Before the actual analysis, background spectra were obtained without samples in 
the chamber.  Degraded samples were either analysed immediately or were stored at -
10°C until analyses were performed. This was done to stop the further oxidation at 
room temperature.  FTIR analysis mainly focused on analysing the changes in 
concentration of functional groups of polyethylene before and after the degradation. 
This was done using carbonyl index which is defined as the ratio of carbonyl and 
methylene absorbances. Carbonyl Index is used to express the levels of carbonyl 
compounds measured [4, 88]. 
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3.9.2. Gel Permeation Chromatography 
High molecular weight is one of the main reasons for the non-degradability of 
polyethylene. For oxo-biodegradable polyethylene, molecular weight decreases during 
oxidation thereby facilitating the microbial degradation. To understand this process, 
molecular weight changes have to be monitored.  Theory and literature on this topic 
have been discussed in detail in Chapter 2. 
 
Molecular weights of non-degraded oxidised and biodegraded samples were determined 
to understand the oxo-biodegradation mechanism. High temperature GPC analysis was 
performed at 140°C using a Waters AllianceGPCV2000 (Figure 3.9) chromatographer, 
equipped with DRI and viscometer detectors. 1, 2, 4-trichlorobenzene (TCB) was used 
as the solvent with the flow rate of 1.00 mL/min. The system of three Styragel® HT (4, 
5 and 6) columns was calibrated with 10 narrow PS standards, with MPeak in the range 
of 1,000 to 5,000,000. Samples were dissolved and then filtered through 0.5 µm PTFE 
filter to remove clay particles. Universal calibration was applied and the 
chromatograms were processed using the Millennium® software. Number average 
molecular weight Mn, weight average molecular weight Mw, and polydispersity index 
PI of polyethylene samples were determined from the analysis. 
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Figure 3-9: Waters AllianceGPCV2000 used in this project 
 
 
3.9.3. Environmental Scanning Electron Microscopy (ESEM)  
ESEM was used to determine the growth of biofilm on polyethylene film during 
biodegradation. The biofilms were imaged on a Peltier stage (5°C) in a FEI Quanta 
ESEM (Philips Electron Optics, Eindhoven, The Netherlands) operated in wet mode (~4 
Torr) at an accelerating voltage of 10 kV. Specimens were not conductively coated 
prior to imaging. A random-number-based scheme was used to select fields of view 
when acquiring the biofilm images. Images (five per biofilm) used for assessing biofilm 
surface morphology and cell sizes were acquired at magnification of ×2500.  
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3.10. Error Analysis  
 
Interpretation of experimental data and making meaningful conclusions from them is 
very important in any research work. Also, it is vital to consider and minimise the 
inherent errors in the experimental data.  
 
Following are the key precautions taken to minimise errors in this work: 
• All the materials used in this work had the same base material as mentioned in 
this chapter. They were all processed under the same conditions so that their 
material properties can be easily compared. 
• Melt intercalation and blown film processing temperatures were carefully 
chosen from the literature review and material data sheets. In this work, 
temperature range chosen to process polyethylene was well within the range of 
temperatures recommended by the supplier (Qenos). 
• Careful calibrations of all equipments were carried out before the experiments. 
Log books were maintained for all equipment and instruments used.  
• All biodegradation experiments were conducted with extreme care to avoid any 
contamination. Experiments were conducted in triplicates and films were 
harvested in a biohazard cabinet (laminar flow cabinet) under the supervision of 
a microbiology expert.  
 
  
The steps involved in reducing the systematic errors in this research were discussed 
above. The next section discusses the random errors that are possible in measurements 
and the procedure used to minimise them. 
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Random error analysis in WAXS studies   
 
Scattering WAXS obtained in two runs for polyethylene nanocomposites (PENac) is 
shown in Figure 3-10. It can be noted from these patterns that the deviation in the 
measurements is minimum and well within the limits. These results were found to be 
repeatable and within ± 2% of each other. 
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Figure 3-10 : WAXS pattern of two different runs of PENac  
 
 
Random error analysis in FTIR 
 
As mentioned in section 3.9.1, background FTIR spectra were obtained without 
samples in the chamber before the actual analysis. For each material, at least five film 
samples were used in the tests. Figure 3-11 shows the FTIR spectra of thermo-oxidised 
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polyethylene samples.  It can be seen that the results are repeatable. They were found to 
be within ± 2% of each other. 
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Figure 3-11 : FTIR spectra of polyethylene thermo-oxidised at 60°C. 
 
 
 
Stability of nanocomposites was checked using FTIR. It can be seen from Figure 3-12 
that FTIR spectra for all of the materials are more or less same, especially in carbonyl 
region. Absence of carbonyl absorption for all materials indicates that no degradation 
has taken place during the preparation process.  
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Figure 3-12 : FTIR spectra of unaged materials prepared in this work. 
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CHAPTER 4. RESULTS AND DISCUSSION 
 
 
This chapter presents the results of the experimental work carried out as a part of the 
research work. The experimental work focused mainly on the following two aspects: 
• Understanding the oxo-biodegradation of polyethylene  
• Improving the oxo-biodegradation of polyethylene with addition of nanoclay 
 
Various tests conducted in the present work were discussed in Chapter 3. These tests 
were carried out either to study the structure-property relationship in the 
nanocomposites or the oxo-biodegradation mechanism. Details of most of these tests 
are widely reported in the literature [23, 47, 89, 90].   
 
The main aim of this work is to establish the need for improving the oxo-
biodegradation of polyethylene and the role of nanoclay in this regard. A set of 
polyethylene nanocomposite was prepared and used to identify the best performing 
composition. Hence, the analysis in the following pages will include both oxo-
biodegradation and structure-property relationship of polyethylene nanocomposites. 
This chapter is presented in three sections: 
1. Oxo-biodegradation studies of polyethylene and oxo-biodegradable 
polyethylene (polyethylene with pro-oxidant), which reveal how the pro-oxidant 
in oxo-biodegradable polyethylene influences the microbial growth. 
2. Results from WAXS, TEM, tensile and permeability tests which unveil the 
structure-property relationship in polyethylene nanocomposites. 
3. Study on the effects of clay to determine whether clay can improve the overall 
rate of oxo-biodegradation of polyethylene.    
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4.1. Oxo-biodegradation Studies of Polyethylene 
 
As discussed in the literature review (Chapter 2), polyethylene with pro-oxidant has a 
greater susceptibility to oxidation by ultraviolet radiation and heat, and therefore has a 
greater tendency to biodegrade. The combined process of oxidation and biodegradation 
is known as oxo-biodegradation. Since the pro-oxidant added to polyethylene helps to 
accelerate both of these processes, polyethylene-pro-oxidant blend is known as oxo-
biodegradable polyethylene. 
 
Polyethylene (PE) and oxo-biodegradable polyethylene (OPE) were prepared as 
explained in Chapter 3. Initial oxidation was conducted at temperatures 50°, 60°, and 
70°C (ASTM D6954) for 2 weeks in an oven. This was followed by microbial 
degradation where all the samples were exposed to the pure cultures of Pseudomonas 
aeruginosa. 
 
4.1.1. Analysis of Thermo-Oxidation  
It is well known that pro-oxidants enhance the oxidation of polyethylene leading to the 
formation oxo-biodegradable fragments. Main chain scission and cross-linking are 
considered to be the major consequences of thermal oxidation of polyolefins [13].  In 
the presence of oxygen, however, chain scission and macromolecule oxidation are 
considered to be the predominant reactions as shown in the reaction scheme in Figure 
4-1 [6].  
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Figure 4-1: Abiotic oxidation mechanism in polyethylene [2] 
 
The formation of these oxo-biodegradable fragments can be monitored using the results 
of tensile tests, spectroscopy, weight loss and molecular weight etc. 
 
4.1.1.1. Changes in Mechanical Properties 
Tensile strength and elongation loss of polyethylene are the mechanical properties that 
are used to monitor the effects of abiotic oxidation [91]. The changes in tensile strength 
and elongation loss for both PE and OPE are shown in Figures 4-2 and 4-3, 
respectively. 
 
It can be seen from Figure 4-2 that the tensile strengths of unoxidised PE and OPE are 
almost similar. This suggests that there is almost negligible amount of degradation 
during the blend processing stage.  
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After 14 days of oxidation, there is hardly any change in the tensile strength of PE. But 
the changes in the tensile strength of OPE is quiet significant. The tensile strength of 
OPE decreases drastically after 7 days of ageing and it becomes nearly zero after 14 
days making them very fragile. 
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Figure 4-2: Change in tensile strength with abiotic oxidation time 
 
 102 
 
0
10
20
30
40
50
60
70
80
90
100
7 14
Abiotic oxidation time (Days)
El
o
n
ga
tio
n
 
Lo
s
s 
(%
)
PE
OPE
 
Figure 4-3: Elongation loss with abiotic oxidation time 
 
 
Similar trends are observed in the elongation loss as can be seen in Figure 4-3. 
Polyethylene exhibits only about 1% loss in 7 days and 2% loss in 14 days. On the 
other hand, OPE experiences almost 98% loss in 7 days and 100% loss in 14 days. 
These results show clearly that the pro-oxidant in OPE has played a significant role in 
inducing oxidation in OPE samples leading to their embrittllement. It can be also 
expected that oxidation of OPE samples will increase their crystallinity leading to a 
lack of a plastic matrix between crystalline hard domains as suggested by Serverini et al 
[92].  
 
4.1.1.2. Formation of low molecular weight compounds  
Number average molecular weight, Mn and weight average molecular weight, Mw data 
obtained from GPC provide mole and weight fractions, respectively of a segment in the 
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polymer molecule. The polydispersity index (PI) indicates the molecular weight 
distribution in the polymer chain. The changes in PI values give a quantitative idea on 
the structural changes within the polymer chain. 
 
Figure 4-4 shows the changes in the weight average molecular weight Mw for both PE 
and OPE after 14 days of oxidation at different temperatures. It can be seen that Mw of 
PE is stable at all temperatures but that of OPE shows sharp reduction with increase in 
temperature. Similar trend was observed for changes in number average molecular 
weight Mn, especially at 70°C. These results indicate that temperature is a very 
important factor for oxidation rate. These results agree well with the findings of 
Jakubowicz [8]. 
 
 
Figure 4-4: Changes in average molecular weight at different abiotic oxidation 
temperatures after 14 days of oxidation.   
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The changes in Mn, Mw and PI of both PE and OPE with oxidation at 70°C are shown 
in Figures 4-5 to 4-7, respectively. It can be seen that the changes in Mn and Mw for PE 
with time are not significant. However, PI value exhibits a small increase with time 
indicating the commencement of possible chain scission due to oxidation. For OPE, the 
changes in Mn, Mw and PI all are significant as compared to those for PE. It should be 
noted that the final Mw values for OPE obtained after 14 days of oxidation match 
closely the Mw value of an oligomer indicating the degradation OPE is reaching the 
completion stage due to a relatively high oxidation rate .  
 
It is well known that polydispersity changes if there is a chain scission occurring during 
the oxidation of polyethylene and it approaches a value of 2 if it is random [93]. It can 
be seen from Figure 4-7, PI for OPE decreases and approaches a value 2 indicating that 
the chain scission is taking place. Chain scission usually leads to the formation of low 
molecular weight compounds that would favor microbial degradation of polyethylene.   
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Figure 4-5: Changes in number average molecular weight Mn with time at 70° C 
 
 
 
Figure 4-6:  Changes in weight average molecular weight Mw with time at 70° C 
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Figure 4-7: Changes in Polydispersity Index (P.I.) with time at 70° C 
 
 
Changes in molecular weight distribution with oxidation are shown in Figures 4-8 and 
4-9 for PE, and OPE respectively. 
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Figure 4-8: Molecular weight distributions of PE at 70° C 
 
 
 
 
 107 
0
0.2
0.4
0.6
0.8
1
1 2 3 4 5 6 7
Log MW
dw
t/d
(lo
g 
M
)
Before Oxidation
After Oxidation
 
Figure 4-9: Molecular weight distributions of Oxo-biodegradable Polyethylene at 
70° C 
 
 
 
It can be seen that the molecular weight distribution of OPE moves towards the lower 
end of the molecular weight scale with oxidation. But the change in molecular weight 
distribution for PE is found to be almost negligible. These results also suggest that 
decrease in molecular weight in OPE is due to chain scission. These observations may 
be explained using the theory suggested by Khabbaz et al [6] which states that the 
thermo-oxidation of polyethylene generally induces main chain scission and cross-
linking in the polymer chain. They also suggested that chain scission is the predominant 
reaction in polymers in the presence of oxygen. Also, they suggested that the 
incorporation of pro-oxidant into polyethylene initiates polymer degradation due to the 
generation of free radicals which in turn react with molecular oxygen to create 
peroxides and hydroperoxides. The peroxides and hydroperoxides act as initiators of 
auto oxidation of polyethylene. They also participate in the classical oxidation reaction 
leading to free radical chain reactions, and therefore to the oxidation of polyethylene. 
As a consequence of these reactions degradation products such as carboxylic acids, 
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ketones, lactones etc are formed. It should be also pointed out at this juncture that the 
porous structure resulting from the oxidation also makes the polymer molecules more 
accessible to oxygen. 
 
FTIR is a powerful tool in determining the structural changes in chemical systems. It is 
widely used in studying the oxidation of polyethylene [4, 88].  FTIR spectra of oxidised 
PE and OPE samples are shown in Figures 4-10 and 4-11, respectively. A sharp 
increase in absorption in the carbonyl region (1690-1870 cm_1) clearly shows that OPE 
has been affected by the oxidation due to the pro-oxidant additive. Broadening of the 
region 1690-1870 cm_1 which corresponds to different carbonyl compounds i.e. acids 
(1712 cm_1), ketones (1723 cm_1), aldehydes (1730 cm_1), ester (1735 cm-1) and 
lactones (1780 cm_1) also indicate the presence of different oxidized products as 
previously reported. In the case of PE, there is no significant difference in the 
absorption peaks observed [94, 95].   
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Figure 4-10: Evolution of FTIR Spectra of PE after abiotic-oxidation at 70°C  
 
 
Figure 4-11: Evolution of FTIR Spectra of OPE after abiotic-oxidation at 70°C  
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The carbonyl groups usually account for most of the products formed during the  
abiotic oxidation of polyethylene and it has become the norm to use their concentration 
as determined by carbonyl index (CI) to monitor the progress of oxidation [96]. CI 
values have been determined by taking the ratio of the absorbance of any carbonyl 
compounds and that of the invariant methylene absorbance. C. I. values for both PE and 
OPE are shown in Figure 4-12. C. I. for OPE increases up to a value of 2.2 with 
oxidation time whereas that for PE increases to a very small extent. This also indicates 
the oxidation rate of OPE is substantially higher than that of PE. The implications of 
these results agree well with those obtained from molecular weight results confirming 
the proposition that oxidation of polyethylene is significantly influenced by the pro-
oxidant. 
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Figure 4-12: Carbonyl Index of the abiotically-oxidised PE and OPE for a period 
of 14 days at 70°C  
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Figure 4-13: Molecular weight versus Carbonyl index (CI) for oxidised OPE 
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Figure 4-13 shows the relationship between molecular weight and carbonyl index for 
abiotically oxidised OPE. This decreasing trend of molecular weight with increasing CI 
can be explained using the statistical chain scission mechanism suggested for the photo- 
and thermal degradation of polyolefins [6, 97, 98]. It can also be seen from Figure 4-13 
that as oxidation of OPE proceeds, a substantial drop in the molecular weight of more 
than one order of magnitude is observed. This is usually accompanied by the 
production of low molar mass, oxidized fragments, which due to their wettability and 
functionality become vulnerable to microorganisms. The action of micro-organisms on 
oxidised PE and OPE will be explained in the following sections. 
 
 
4.1.2. Microbial Degradation of Abiotically Oxidised Polyethylene  
 
It is well known that during the abiotic oxidation, pro-oxidants help in the incorporation 
of oxygen atoms into the polymer chain and this has been noticed in the present work 
as well. Also, a series of low molecular weight compounds are formed during abiotic 
oxidation leading to changes in the physical properties and the morphology of 
polyethylene. 
 
During microbial degradation stage, most of low molecular weight compounds will be 
utilised by the microbes. It is very important to know the effect of low molecular 
weight compounds on these microbes which can be studied by monitoring their growth 
during this process. Also, the microorganisms cause damage to the integrity of 
polyethylene which can be determined by monitoring the changes in molecular weight 
and mechanical properties. The changes in carbonyl index can also be used to monitor 
the effects of microbial degradation. In this work, all these parameters were measured 
to study the effects of microbial action on abiotically oxidised samples of PE and OPE.  
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. 
 
The change in mechanical properties with oxo-biodegradation (2 weeks of oxidation + 
biodegradation) is shown in Figure 4-14. It can be seen that the elongation at break of 
OPE decreases significantly and the material becomes almost brittle after 14 days of 
abiotic treatment as compared to pure PE. Loss of mechanical strength in OPE can be 
ascribed to the action of pro-oxidants which induces oxidation. During microbial 
degradation stage, elongation at break for OPE could not be measured as the material 
has deteoriated significantly during the oxidation stage itself. A small decrease in 
elongation at break observed for PE during the biodegradation stage may be due to the 
wetting occurred during the test.  
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Figure 4-14: Changes in elongation at break during entire oxo-biodegradation (14 
days of abiotic oxidation and microbial degradation) with time  
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The most important phenomenon that  is observed during the biodegradation of 
polyethylene ( both PE and OPE) is the sustained growth of  micro-organisms during 
the entire process [51, 55]. One can monitor this by investigating the biofilm formation 
on the polyethylene surface. It is also important to know how efficiently micro-
organisms can utilise the oxidation products.  
 
Growth of biofilm and microbial activity on polyethylene were investigated using 
ESEM and FTIR. ESEM micrographs of unaged and aged polyethylene samples are 
shown in Figures 4-15 and 4-16, respectively. It can be clearly seen from Figure 4-16 
that Pseudomonas aeruginosa has effectively colonized a major proportion of the 
abiotically oxidised OPE film as compared to its unaged films.  More live organisms 
are observed on abiotically oxidised OPE than on abiotically oxidised PE.  This 
indicates that OPE has been significantly bioeroded by Pseudomonas aeruginosa. This 
phenomenon has also been reported for hydro-biodegradable and oxo-biodegradable 
polymers by Bonhomme et al [9]. 
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Figure 4-15: ESEM micrographs of the biofilm formed by Pseudomonas 
aeruginosa on unaged a) oxo-biodegradable polyethylene and b) polyethylene 
 
a 
b 
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Figure 4-16: ESEM micrographs of the biofilm formed by Pseudomonas 
aeruginosa on abiotically oxidised) oxo-biodegradable polyethylene and b) 
polyethylene 
 
The existence of the biofilm on both abiotically oxidised PE and OPE is independently 
confirmed further by the FTIR spectra shown in Figure 4-17. The bands at 1643 cm-1 
and the nearby bands on the right can be assigned to protein material. The peaks in this 
region of the spectra indicate the presence of significant amount of protein. The broad 
bands peaking at 1133 and 993 cm-1 show the presence of polysaccharides, the usual 
metabolites produced by micro-organisms, which are the major constituents of the 
biofilm [99, 100]. 
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Figure 4-17: FTIR spectra of the biofilm (Pseudomonas aeruginosa) covered 
abiotically oxidised polyethylene after four weeks of incubation  
 
 
Biodegradation is described as the biological process by which potentially toxic 
compounds are  transformed into  non-toxic ones [30]. It is important to prove that the 
microbial growth is due to the utilisation of the non-toxic oxidation products. This will 
help in establishing the mechanism for microbial degradation of polyethylene.   
 
Figure 4-18 shows the changes in molecular weight distributions and molecular weight 
respectively with time for the OPE. It can be clearly seen from this Figure that there is a 
significant change in molecular weight distribution with the passage of time. The 
molecular weight distribution curve after two weeks of abiotic oxidation shifts towards 
left indicating the formation of low molecular weight compounds. This change is 
usually accompanied by a drastic reduction in the molecular weight of OPE. After 
inoculation with Pseudomonas aeruginosa, the molecular weight distribution curve for 
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the abiotically oxidised OPE shifts towards the right indicating that the low molecular 
weight fragments present in the oxidation products are being eliminated or utilised. 
Initially (after two weeks of biodegradation), Pseudomonas aeruginosa is just able to 
utilise a minor fraction of the oxidation products shifting the molecular weight 
distribution curve slightly towards higher fractions. After six weeks, however a major 
fraction of the oxidation products is utilised leading to a notable shift towards the right 
hand side of the molecular weight scale. These results indicate that Pseudomonas 
aeruginosa is just able to utilise chain end low molecular weight compounds and 
unable to attack high molecular weight fractions. It is also clear that the action of 
microorganisms is only on the surface of the polymer. 
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Figure 4-18 : Molecular weight distribution curves of OPE at various stages of 
oxo-biodegradation process 
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Figure 4-19: Changes in molecular weight for oxo-biodegradable polyethylene 
during microbial degradation stage. 
 
 
The above mentioned phenomenon can also be observed in the molecular weight data 
shown in Figure 4-19 for abiotically oxidised OPE. Molecular weight (Mw) increases, 
reaches a peak value after 42 days of microbial degradation as expected from the 
molecular weight distribution data. The small reduction observed during the fourth 
week (after 28 days) may be due to the attempt from Pseudomonas aeruginosa to 
access the polymer volume further. However, increase in average molecular weight 
after 42 days indicates Pseudomonas aeruginosa cannot access polymer any further. 
 
These results are significant as they reveal that biodegradation is mainly because of the 
consumption of pro-oxidant aided oxidation products. The shift towards high molecular 
weight during biodegradation also suggests that pro-oxidant has ceased its action 
probably during the abiotic oxidation stage itself and is not helping in the 
biodegradation. 
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Kounty et al [15, 101] theoretically discussed the mechanism involved in the 
biodegradation using molecular weight data as shown in Figure 4-20. They assumed 
two abiotically oxidised samples A and B. If abiotic oxidation follows the Curve A, 
where the abiotic oxidation reached a higher extent leading to the formation of more 
biodegradable fractions, this can produce profound changes in the material structure 
and in the subsequent acceleration of degradation processes during the microbial 
degradation. On the other hand, if abiotic oxidation follows curve B, consumption of 
easily degradable fractions need not have dramatic effect on the material.  
 
 
Figure 4-20: Molecular weight distribution curves for two theoretical (assumption) 
samples of PE with prooxidant additives after weathering [101]. 
 
 
The results from this study substantiate the oxo-biodegradation theory proposed by 
Kounty et al [101], which suggests that an increase in the abiotic oxidation levels and 
consequent decrease in the average molecular weight to under 5000Da are required for 
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achieving  significant biodegradation in a reasonable time period. Based on this theory, 
it can be concluded that the pro-oxidant additive used in the present study is the one 
that has helped in achieving the higher abiotic oxidation level observed in OPE and the 
subsequent decrease in the average molecular weight. It has been  proven that if the 
oxidised polyethylene has a molecular weight less than 5000Da, about a substantial part 
of it will have  molecular weight  between 1000 and 2000Da and this fraction can be 
rapidly biodegraded [51, 102]. The vacancies produced due to this can then cause 
swelling and relaxation of the whole material structure which will facilitate diffusion of 
water and soluble compounds inside thereby substantially accelerating the 
biodegradation. The above viewpoints prove that most of the low molecular weight 
fraction produced in abiotic oxidation are utilised by Pseudomonas aeruginosa in the 
present work. 
 
 
Also, as described in earlier sections of this chapter polyethylene oxidation leads into 
formation of carbonyl compounds. Carbonyl Index (CI) values of PE and OPE at 
various stages of oxo-biodegradation process are shown in Figure 4-21. It can be seen 
that CI value for OPE decreases with the time indicating that the concentration of 
carbonyl compounds for OPE has decreased significantly after the biodegradation 
process. The rate of decrease of CI in PE is lower than that for OPE indicating lower 
levels of biodegradation in PE. The decrease in CI for OPE (Figure 4-22) can be 
attributed to the preferential bioassimilation of ester/carbonyl compounds formed 
during the abiotic oxidation as proposed by Albertsson et al [4]. The CI results as well 
as the molecular weight data from this work therefore substantiates the previous 
findings in the literature [55, 56, 103, 104]  where thermo-oxidation has led to the 
formation of ester and keto carbonyl compounds. This insight also helps in 
understanding the mechanism of biodegradation of polyethylene.  The low molecular 
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weight carbonyl compounds formed during the oxidation will be similar to paraffins. 
Hence comparison can be made between the biodegradation of paraffins and that of 
oxidised low molecular weight products [4]. The biodegradation pathway for paraffin is 
shown in Figure 4-23. 
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Figure 4-21: Changes in carbonyl index of polyethylene and oxo-biodegradable 
polyethylene at various stages of oxo-biodegradation process 
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Figure 4-22: Ester formation during abiotic oxidation of polyethylene  [4] 
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Figure 4-23: Biodegradation pathway for paraffin [4] 
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The biodegradation of paraffin starts with the oxidation of alkane chain to ketone, and 
then to carboxylic acid which latter undergoes B-oxidation, which is the oxidative 
breakdown of acids into acetyl-coenzyme A (SCoA) by repeated oxidation at the beta-
carbon atom. Drawing the parallels between the paraffin biodegradation and low 
molecular weight carbonyl compounds biodegradation, a mechanism for polyethylene 
biodegradation was presented by Albertsson et al [4, 14] (Figure 4-24). 
   
Oxo-biodegradation of polyethylene involves initial oxidation followed by microbial 
degradation. During initial abiotic step, oxidation of the polymer chain occurs due to 
the oxygen present in the atmosphere leading to the formation of carbonyl groups and 
decrease in molecular weight. During microbial degradation, a decrease in the number 
of carbonyl groups occurs. This leads to formation of carboxylic acids, which react with 
coenzyme A (CoA) and remove two carbon fragments forming acetyl-coenzyme. This 
enters the citric acid cycle and produces carbon dioxide and water as the final 
degradation products [4, 103]. Embrittllement and hydrophilicity due to the 
introduction of carbonyl groups further promotes the biodegradation of the polymer. 
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Figure 4-24: Biodegradation mechanism for polyethylene [4] 
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The entire investigation reveals many important aspects of oxo-biodegradation of 
polyethylene containing pro-oxidants. They can be summarised as follows;. 
 
Oxo-biodegradation of polyethylene and polyethylene loaded with pro-oxidant was 
investigated by inoculating abiotically oxidised samples with Pseudomonas aeruginosa 
for 6 weeks on polymer films. It was observed that pro-oxidant aids in the drastic 
reduction of molecular weight of OPE during abiotic oxidation stage yielding low 
molecular weight compounds. Pseudomonas aeruginosa is able to utilise these low 
molecular weight compounds and form biofilm. Also, changes in molecular weight 
distribution observed with biodegradation substantiate this argument. However, the 
high molecular weight region in the distribution exhibits little changes indicating that 
Pseudomonas aeruginosa is just able to utilise the end chain products and unable to 
perturb the whole of the polymer volume. 
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4.2. Structure-Property Relationship of Melt Intercalated 
Maleated Polyethylene Nanocomposites  
 
As discussed earlier in this chapter, pro-oxidants only affect oxidation and do not 
support the micro-organisms to perturb the bulk of the polymer volume [88]. It is 
one of the objectives of this work to improve the overall oxo-biodegradation of 
polyethylene by the addition of nanoclay. Prior to oxo-biodegradation study, a 
systematic study was conducted to determine the structure-property relationship 
of melt intercalated maleated polyethylene nanocomposites. Specifically, 
rheological, mechanical and barrier tests were conducted to gain a thorough 
knowledge of polyethylene nanocomposites and their processing. 
 
It is now well known that two conditions are necessary to obtain uniform 
dispersion of clay in the polymer matrix [75]. They are: 1) the clay must be ion-
exchanged to reduce the cohesive forces between the clay platelets; 2) the 
polyolefin must be chemically modified to improve the adhesion between the 
polymer matrix and clay filler. In this work, maleic anhydride grafted 
polyethylene (PE-g-MA)/clay nanocomposites were prepared using a melt 
intercalation technique [74] as described in Chapter 3. 
 
In the following section, experimental results on the effects of clay loading on the 
rheology, mechanical and barrier properties of maleated low density polyethylene 
are reported. 
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4.2.1. Morphology of Polyethylene Nanocomposites 
WAXS technique is useful in studying the extent of polyethylene chain 
intercalation into the silicate layers. A shift to lower angles of the first 
characteristic peak represents the formation of an intercalated structure whereas 
the disappearance of the peak signals the probable existence of an exfoliated 
structure [85]. Hence, the pertinent result to be analysed is the shift in Bragg’s 
peak with respect to scattering angle.  Maleic anhydride grafted polyethylene 
with different loadings of C15A (2, 3, 5 and 8 wt %) were tested.   
 
Figure 4-25 shows the WAXS scattering curves of maleic anhydride grafted 
polyethylene nanocomposites. The d
 
spacing of C15A is found to be 3.022 nm 
and is generally taken as the basal spacing that is calculated using Bragg’s law. 
No peak was observed for 2, 3 and 5 wt% clay loadings indicating possible 
exfoliation. However, for 8 wt% clay loading there is a possibility of intercalated 
structure being present. This may be due to the fact that higher clay concentration 
limits the extent of exfoliation [75]. During the melt blending of clay into 
polyethylene in extruder, clay particles are first fractured by mechanical shear 
and then polymer chains diffuse into the clay galleries because of either a 
physical or chemical affinity between the polymer and the organoclay surface, 
and push the platelets apart. Hence, an increase in clay loading leads to different 
morphologies due to a reduction in affinity between the polymer and clay. 
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Figure 4-25: XRD patterns of Cloisite 15A and LDPE/Cloisite 15A nanocomposites 
 
The morphology of nanocomposites was further examined using TEM as it is 
well known that the X-ray diffraction cannot show peaks for both exfoliated and 
the disordered structures [65]. It can be seen that the TEM images of 
polyethylene nanocomposites shown in Figure 4-26 correspond well with the 
XRD patterns presented in Figure 4-25. In the case of 2 and 3 wt% LDPE-clay 
nanocomposites, individual silicate layers are dispersed homogenously in the 
LDPE matrix confirming the presence of exfoliated structure. For 5 wt% LDPE 
nanocomposite, both individual silicate and stacked layers are present confirming 
the presence of mixed morphology. However, for 8 wt% clay loading, it can be 
seen that stacked silicate layers of about 200 ~ 400 nm length and about 50 ~ 100 
nm thickness are present. The presence of stacked silicate layers substantiates the 
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XRD results and confirms the presence of intercalated structures for 8 wt% clay 
loading. 
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Figure 4-26: TEM micrographs of LDPE/Cloisite 15A nanocomposites with 
different clay loading (scale 20 nm) 
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4.2.2. Shear Rheology 
Figure 4-27 shows shear viscosity vs. shear rate data at 200° C for the LDPE-
C15A nanocomposites used in this study. It can be seen that the addition of even 
small quantities of clay leads to non-Newtonian behaviour with a significant 
increase in shear viscosity especially at low shear rates. Power law (
•
= γτ K n-1) 
and Ellis model ( 1
11
−+
=
m
o
K τ
ηη ) were used in establishing the relationship 
between shear viscosity (η), shear rate (
•
γ ) and shear stress (τ). 
 
 
Table 4-1 Power law model constants (K) and index (n) for different LDPE-
clay nanocomposite compositions at 200°C  
 
Wt % clay K n 
R2   (Regression 
Coefficient) 
0% 762.1 0.45 0.9957 
2% 1099.5 0.39 0.9967 
3% 1081.3 0.39 0.9966 
5% 977.3 0.40 0.9975 
8% 937.6 0.39 0.9991 
 134 
10
100
1000
1 10 100 1000
Shear Rate (1/s)
Sh
ea
r 
Vi
sc
o
si
ty
 
(P
a.
s)
0wt%
2wt%
3wt%
5wt%
8wt%
 
Figure 4-27 : Steady shear viscosity as a function of shear rate at 200°C for 
different LDPE- C15A nanocomposite compositions. 
 
LDPE-C15A nanocomposites with 2 and 3 wt% clay exhibits higher shear 
viscosity values and higher extent of shear thinning behaviour in comparison to 
pure LDPE (Figure 4-27), which is confirmed by their lower power law index, n 
values shown in Table 4-1. The 5 and 8 wt% LDPE-clay nanocomposites also 
exhibit higher shear viscosity values in comparison to  pure LDPE but not as 
significant as those for  2  and 3 wt% nanocomposites. It has been shown in a 
previous research also that steady shear viscosity depends on the clay content and 
interaction between clay particles [86].  
 
A shear thinning fluid exhibits a plateau in its shear viscosity curve around zero 
shear rate and also at infinite shear rates. The zero-shear viscosity phenomenon is 
associated with the polymer structure and dispersions of interacting particles. The 
inter particle force is not strong enough to stop the deformation of the polymer 
which leads to the development of zero shear viscosity [105]. In the present case, 
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the zero shear viscosity is developed by the alignment of clay layers at zero 
shear. It increases with an increase in clay content and leads to greater 
interactions and therefore poor dispersion. As expected, the power law model 
fails to recognize the presence of zero shear viscosity of LDPE nanocomposites. 
Instead it predicts zero shear viscosity as infinity and infinite shear viscosity as 
zero. Therefore, Ellis model was chosen to represent the shear behaviour of 
LDPE-clay nanocomposites. 
 
Ellis model does not predict infinite shear viscosity but it still overcomes the 
other deficiency, i.e. zero viscosity at very low shear rate. The three unknowns, 
Ellis model constant, K1, Ellis model power index, m and zero shear viscosity, ηo 
were obtained through trial and error using Excel Solver tool to fit the 
experimental data (Table 4-2).  Figure 4-28 shows the relationship between shear 
viscosity (η) and shear rate (
•
γ ) as predicted by Ellis model. It should be noted 
that there is no relationship between power law index, n and Ellis model power 
index, (m). 
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Table 4-2 Zero Shear Viscosity (ηo), Ellis model constant (K1) and Ellis 
model index (m) for different LDPE- clay nanocomposite composition 
 
  Virgin 2% 3% 5% 8% 
ηo(Pa-s) at 
200°C 16999.84 63369.26 70999.95 61117.12 50450.13 
K1 0.0124 0.0014 0.0008 0.0031 0.0018 
m 2.15 2.52 2.60 2.45 2.51 
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Figure 4-28: Shear viscosity as a function of shear rate at 200°C for different 
LDPE-C15A nanocomposites as predicted by Ellis Model 
 
From Figure 4-28, it can be clearly seen that all LDPE-clay nanocomposites used 
in this study exhibit shear thinning behaviour, where viscosity decreases with 
increase in shear rate which is an indication of pseudoplastic fluid behaviour. 
Also, 2 and 3 wt% LDPE-clay nanocomposites exhibit the higher zero shear 
viscosity values as compared to pure LDPE.  For the 5 and 8 wt% LDPE-Clay 
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nanocomposites, the zero shear viscosity plateau can be hardly seen. These 
nanocomposites also have significantly higher zero shear viscosity values in 
comparison to pure LDPE but not as high as those for 2 and 3 wt% 
nanocomposites.  
 
Additionally, at high shear rates (
•
γ >80/s), the viscosities of the nanocomposites 
are comparable to that of pure LDPE. The shear viscosities exhibit rapid decrease 
at high shear rates. This observation suggests that the silicate layers are strongly 
oriented towards the flow direction at high shear rates and the shear thinning 
behaviour observed at these conditions is dominated by that of pure polymer 
[106]. This also suggests that the processability of LDPE-clay nanocomposites is 
not greatly affected at high shear rates that are normally used for processing. 
Therefore, it can be concluded that LDPE-clay nanocomposites have similar ease 
of processability as pure LDPE and they can be processed using the usual LDPE 
processing techniques.  
 
The above analysis also indicates an agreement between the rheological and 
morphological results. It can be seen that the 2 and 3 wt% nanocomposites which 
have the higher zero shear viscosity values are dominated by an exfoliated 
structure. On the other hand, the 5 and 8 wt% LDPE clay nanocomposites which 
have lower zero shear viscosity  values compared to the 2 and 3 wt% samples, 
but still significantly higher than the pure LDPE, have a mixture of exfoliated 
and intercalated structure or partially disordered intercalated structure. This 
agrees with the findings of Xie et al [107] which showed that the final 
morphology of polyethylene hybrid changes from exfoliated to intercalated 
structure gradually with increasing clay content. 
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The findings from rheological and morphological results lead to the conclusion 
that the optimum clay content for LDPE-clay nanocomposites lies between 2 and 
3 wt%. Although LDPE-clay nanocomposites with 5 and 8 wt% clay also exhibit 
substantially higher zero shear viscosity values in comparison to pure LDPE, the 
requirement of higher amount of nanoclay for their preparation make them 
infeasible for further processing. 
             
4.2.2. Mechanical Properties  
The tensile strength and elongation at break of LDPE nanocomposites are shown 
as a function of clay loading in Figure 4-30. Although no clear trend could be 
seen for tensile strength as a function of clay loading, there is a pronounced 
increase in tensile strength for 2 wt% clay nanocomposite. This is followed by a 
gradual decrease in tensile strength for 3 and 5 wt% nanocomposites.  These 
results show that the tensile strength values for 2 and 3 wt% nanocomposites, 
which have exfoliated structure, are clearly higher than those for 5 and 8 wt % 
nanocomposites which have dominant intercalated structure. This confirms that 
the essential factor that governs the enhancement of mechanical properties of 
LDPE- nanocomposites is the aspect ratio of clay particles [108]. This is due to 
the compatibilizing effect of maleic anhydride grafted polyethylene that 
improves the interfacial adhesion and leads to  better stress transfer at the 
interface between the polyethylene matrix and clay particles [109].  
 139 
 
0
5
10
15
20
25
30
35
0 2 4 6 8 10
Wt% of Clay Loading
Te
n
si
le
 
St
re
n
gt
h 
(M
Pa
)
 
      (a) 
0
50
100
150
200
250
300
350
0 2 4 6 8 10
Wt% of Clay Loading
El
o
n
a
gt
io
n
 
at
 
B
re
ak
 
 
(%
)
 
      (b) 
Figure 4-29: Mechanical properties of the LDPE- clay nanocomposites. 
 (a) Tensile strength  (b) Elongation at break (%). 
 
The elongation at break for all nanocomposite films is lower than that of virgin 
polyethylene. A reduction in elongation is characteristic of many filled polymer 
composites because the additive effectively reduces the cross-section of the 
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polymer resisting deformation [110]. The polymer-filler interface often acts as a 
point of weakness and thus induces premature break.    
 
4.2.3. Barrier Properties  
Oxygen permeation properties of LDPE nanocomposite films are shown in 
Figure 4-31. Oxygen permeation is lower for all LDPE nanocomposite films as 
compared to that for the virgin LDPE film. The improvement in oxygen barrier 
with  increase in clay loading can be attributed to the exfoliation of organoclay 
within the polymer matrix, which has been shown to create a more tortuous path 
for the gas molecules and thus more effective  barrier [111]. 
40
50
60
70
80
90
0 2 4 6 8 10
Wt% of Clay Loading
O
x
yg
e
n
 
Pe
rm
e
a
bi
lit
y 
(cm
3 .
m
m
/m
2 .
da
y.
a
tm
)
 
Figure 4-30: Oxygen permeability properties of LDPE- clay nanocomposites as a 
function of the clay content. 
 
 
 
The above investigations reveal the following important aspects about the structure-
property relationships of melt intercalated maleated polyethylene nanocomposites. 
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• Compatibilization of polyethylene by maleic anhydride grafted polyethylene 
(PE-g-MA) has helped in obtaining homogenous dispersion of organomodified 
montmorillonite clay layers in polyethylene matrix.  
• Rheological properties are very sensitive to the morphology obtained, i.e., the 
strong interactions of clay layers with polyethylene lead to a significant increase 
in viscosity of the nanocomposites. 
• Also, there is an increase in tensile strength with increase in clay loading 
especially for the exfoliated nanocomposites as compared to those for the 
intercalated nanocomposites which is a sign of improved adhesion between the 
polymer and clay.  
• Oxygen barrier property showed improvement with clay loading.  
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4.3. Improving the Oxo-biodegradation  
Oxo-biodegradation of polyethylene has been well studied with different pro-oxidants 
and it has been now established that oxidation products are readily biodegradable[9]. 
However, biodegradation of polyethylene occurs only on its surface and not in the bulk 
volume which may be due to the inaccessibility of  oxidation products to micro-
organisms [15]. Thus the pro-oxidants have limited role in the oxidation of 
polyethylene and does not have any role at all in microbial growth. 
 
Montmorillonite clay has been reported to promote the growth of microbes by keeping 
the pH of the environment at levels conducive to their sustained growth [15]. It has 
been also suggested that the cation exchange capacity and surface area of clay are also 
responsible for micro-organism growth [112-114].  
 
In an attempt to improve the overall oxo-biodegradation of polyethylene, 
montmorillonite nanoclay has been used in this study along with pro-oxidant. Results 
for polyethylene (PE), polyethylene nanocomposite (PENac), oxo-biodegradable 
polyethylene (OPE) and oxo-biodegradable polyethylene nanocomposite (OPENac) are 
compared to elucidate the effect of clay on the overall oxo-biodegradation process. The 
initial focus was to understand how the addition of nanoclay alters the action of pro-
oxidant during abiotic oxidation. Abiotic oxidation is very important because microbial 
degradation in oxo-biodegradation takes place only if there is substantial oxidation. In 
the second stage of the work, the focus was to know whether Pseudomonas aeruginosa 
is able to grow and form biofilm on oxidised OPENac. The key difference in microbial 
degradation that can be expected after the addition of clay is the change in molecular 
weight distributions.  This study also reveals how Pseudomonas aeruginosa perturbs 
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the oxidised samples. Analytical techniques used in this stage are same as those in the 
study on oxo-biodegradation of polyethylene. 
 
4.3.1. Morphology of Oxo-Biodegradable Polyethylene 
Nanocomposite 
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Figure 4-31: XRD patterns of Cloisite 15A, and PENac and OPENac 
 
Figure 4-31 shows XRD scattering curves for Cloisite 15A and polyethylene/Cloisite 
15A nanocomposites. The d-spacing calculation was done using Bragg’s Law equation. 
The d-spacing of the C15A was found to be 3.02 nm.  No peak is observed for 
nanocomposite with 2 wt% clay loading suggesting possible exfoliation. Similar trend 
is observed for the 2 wt% nanocomposite with pro-oxidant. These observations are 
confirmed further by transmission electron microscopy results.  
 
It is well known that the X-ray diffraction cannot give peaks for both exfoliated 
structure and the disordered structure [65]. Figure 4-32 shows the TEM images that 
correspond to the XRD patterns presented in Figure 4-31. It can be seen that individual 
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silicate layers are homogenously dispersed in the polymer matrix confirming the 
presence of exfoliated structure for both OPE and OPENac.  
 
 
 
Figure 4-32: TEM micrographs of oxo-biodegradable polyethylene/Cloisite 15A 
nanocomposite and polyethylene/Cloisite 15A nanocomposite 
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4.3.2. Abiotic Oxidation Stage  
The following section discusses the effect of clay on the abiotic oxidation of polymer 
nanocomposites.  
 
4.3.2.1. Molecular Weight Changes 
The changes in molecular weight distributions with abiotic oxidation for OPE, OPENac 
and PENac are shown in Figures 4-33, 4-34 and 4-35, respectively. It can be seen that 
the distribution curves both for oxidized OPE and OPENac moves towards the smaller 
values on molecular weight scale indicating the formation of low molecular weight 
compounds. The trend is nearly the same for both OPE and OPENac suggesting that the 
addition of clay does not alter the oxidation mechanism in oxo-biodegradable 
polyethylene. Conversely, the distribution curves for PENac before and after oxidation 
exhibit minor difference as seen in Figure 4-35. This result further corroborates the 
suggestion that the degradation in OPENac is mainly due to the presence of pro-oxidant 
with little influence from nanoclay. 
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Figure 4-33: Molecular weight distributions of OPE 
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Figure 4-34: Molecular weight distributions of OPENac 
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Figure 4-35: Molecular weight distributions of PENac 
 
Also, to determine how OPE and OPENac behave at different temperatures and time, 
the molecular weight data obtained at 50,60 and 70°C were analysed using the 
approach followed by Jakubowicz [8, 43]. Jakubowicz has shown that molecular weight 
results of different oxo-biodegradable polyethylene samples tested under different 
environments can be compared using time-temperature superposition analysis [8, 43]. 
Based on this approach, the superposition analysis has been used by shifting the data at 
different temperatures to 60˚C using empirically chosen multiplicative time factors to 
investigate the effect of clay on oxidation. 
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Figure 4-36: Effect of clay content on the rate of abiotic oxidation of oxo-
biodegradable polyethylene. Data were shifted by superposition analysis to 60°C. 
 
The superposed data at 60°C for both OPE and OPENac are shown Figure 4-36. The 
molecular weight data for both materials exhibit more or less the same trend indicating 
that clay has no significant effect on the oxidation stage of oxo-biodegradation. 
 
4.3.2.2. Formation of Carbonyl Compounds  
FTIR is widely used in studying the oxidation of polyethylene [6, 90, 115-117]. The 
extent of oxidation in nanocomposites was determined by measuring the levels of ester 
carbonyl (1735 cm-1) and ketone carbonyl (1715 cm-1) absorbance using FTIR 
spectroscopy.  
 
In addition to carbonyl absorption spectra, carbonyl index (CI) is also used to indicate 
the formation of low molecular weight carbonyl compounds.  
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Figure 4-37: Carbonyl Index of oxo-biodegradable polyethylene and its 
nanocomposite at 70˚C 
 
  
The changes in the CI values with oxidation time are shown in Figure 4-37 for OPE and 
OPENac. It can be seen that CI values for both OPE and OPENac increase with time 
indicating that the oxidation rate in these materials is substantially higher. These results 
show clearly that both of these materials have undergone significant oxidation during 
the two weeks period. However, it is interesting to note that the rate of oxidation of 
OPENac is lower than that for OPE throughout the oxidation period. This result could 
be attributed to the reduction in oxygen permeability in OPENac due to the presence of 
clay. The impact of delamination of clay layers on the tortuous diffusion path formation 
in nanocomposites is well known [118].  
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Figure 4-38: Molecular weight (Mw) Carbonyl index (CI) relationship for OPE 
and OPENac 
 
 
Many authors have reported that polyethylene molecules are broken into low molecular 
compounds by chain scission mechanism during both photo-and thermo oxidation [13, 
48, 98]. To verify this fact in the present case, molecular weight data for both OPE and 
OPENac are plotted against CI in Figure 4-38.  It can be seen that a substantial drop in 
the molecular weight has occurs, (of more than one order of magnitude) with increase 
in CI This will be usually accompanied by the production of low molar mass, oxidized 
fragments, which due to their wettability and functionality will become vulnerable to 
microorganisms.  
 
The above observations suggest that the addition of pro-oxidant in the preparation of 
nanocomposites is responsible for initiating the auto-oxidation of the polyethylene 
matrix. The mechanism responsible for the enhanced oxidation rate is considered to be 
the production of free radicals which react with molecular oxygen to produce peroxides 
and hydroperoxides, which then lead to the accelerated oxidation. Based on the results 
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obtained in this work, it can be said that addition of clay does not alter the oxidation 
mechanism greatly in OPENac. 
 
 
 
4.3.3. Microbial Degradation of Abiotically Oxidised Polyethylene 
Nanocomposites 
 
4.3.3.1. Biofilm formation  
Growth of biofilm and microbial activity were investigated using ESEM and FTIR.  
ESEM micrographs of abiotically oxidised and biodegraded OPE and OPENac samples 
are shown in Figures 4-39 and 4-40, respectively. The micrographs clearly indicate that 
Pseudomonas aeruginosa has effectively colonized a vast proportion of the oxidised 
samples of both films. On the other hand, the growth of biofilm on unaged samples is 
relatively insignificant. These results indicate oxidised polyethylene samples are greatly 
bioeroded by Pseudomonas aeruginosa. Similar phenomenon has been reported for 
both hydro-biodegradable polymers and oxo-biodegradable polymers by Bonhomme et 
al [9]. It is also interesting to see that the growth of biofilm on OPENac is much greater 
than that on OPE. 
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Figure 4-39: ESEM micrographs of the biofilm formed by Pseudomonas 
aeruginosa on unaged a) OPE and b) OPENac 
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Figure 4-40: ESEM micrographs of the biofilm formed by Pseudomonas 
aeruginosa on abiotically oxidised a) OPE and b) OPENac 
 
 
 
b 
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Figure 4-41:  FTIR spectra of the biofilm covered abiotically oxidised polyethylene 
after six weeks of incubation  
 
 
Predominant colonization of Pseudomonas aeruginosa on OPENac samples is also 
confirmed by FTIR spectra shown in Figure 4-41. OPENac shows a larger absorbance 
at 1643 cm-1 and the nearby bands on the right which can be assigned to protein 
material confirming the enhanced biofilm formation as compared to that for OPE. The 
broad bands peaking at 1133 and 993 cm-1 show the presence of polysaccharides, the 
usual metabolites produced by micro-organisms, which are the major constituents of 
the biofilm [99, 100]. The polysaccharides peaks are observed for both OPE and 
OPENac but the one for OPE is relatively lower. 
 
4.3.3.2. Utilisation of Carbonyl Compounds  
 
Carbonyl Index (CI) values of OPE and OPENac at various stages of oxo-
biodegradation process are shown in Figure 4-42. 
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Figure 4-42: Changes in carbonyl index of OPE and OPENac at various stages of 
oxo-biodegradation process 
 
 
It can be seen that the rate of carbonyl compounds consumption as indicated by the 
decrease in CI value is more or less same for both OPE and OPENac during the early 
periods of oxo-biodegradation process. However, the carbonyl consumption rate for 
OPE is slower during the sixth week. It has been observed from its molecular weight 
distribution data (Figure 4-18) that microbes couldn’t further perturb the whole of the 
polymer volume even after six weeks. The entire microbial action is on the end chain 
oxidation products. However, the carbonyl consumption rate for OPENac during the 
sixth week is greater than that for OPE. This could be probably due to some active 
action of Pseudomonas aeruginosa in accomplishing further chain cleavage in OPENac 
or could be due to the presence of clay which makes a difference in the biotic 
environment. However, the biodegradation pathway may be the same as explained in 
the previous section (4-1) and this is confirmed by the reduction in CI which can be 
attributed to the preferential assimilation of ester/carbonyl compounds formed during 
abiotic oxidation. 
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4.3.3.3. Oxo-biodegradation Mechanism in OPENac 
 An attempt has been made to understand the reason for the relatively enhanced rate of 
carbonyl consumption in OPENac by analysing its molecular weight data. 
Biodegradation causes a shift in molecular weight distribution curve towards high 
molecular weight fractions. Figures 4-43 and 4-45 reveal the changes in molecular 
weight distributions and molecular weight respectively with time for the OPENac. It 
can be seen that molecular weight distribution (4-43) varies significantly with time and 
as expected, the molecular weight distribution curve for OPENac after two weeks of 
abiotic oxidation shifts towards left indicating the formation of low molecular weight 
compounds. However, after inoculation with Pseudomonas aeruginosa, the molecular 
weight distribution curve for the abiotically oxidised OPENac narrows down signifying 
the change occurred especially in high molecular weight fractions. This trend is 
contrary to that observed for OPE and may due to the perturbation of whole of the 
polymer volume by Pseudomonas aeruginosa. Even in this case, initial growth of 
Pseudomonas aeruginosa would have started with the consumption of end chain low 
molecular weight compounds in abiotically oxidised OPENac. 
 
However, after the initial period, Pseudomonas aeruginosa would have started the 
perturbation of the whole of polymer volume owing to the difference in biotic 
environment i.e. presence of nanoclay.  
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Figure 4-43: Molecular weight distribution curves of OPENac at various stages of 
oxo-biodegradation process 
 
 
 
Figure 4-44 clearly shows the difference in the action of Pseudomonas aeruginosa on 
abiotically oxidised OPE and OPENac in terms of molecular weight distributions. The 
shaded portion on the plot shows that biodegraded OPE has more high molecular 
weight fractions than OPENac. Although the shape of distribution curves for both OPE 
and OPENac are more or less the same, the fact that biodegraded OPENac has fewer 
high molecular weight fractions suggest that the clay in the nanocomposite has helped 
Pseudomonas aeruginosa in metabolising more of  high molecular weight fractions. 
This means that the microorganism is able to perturb whole of the polymer volume in 
the presence of clay. 
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Figure 4-44: Molecular weight distribution curve of OPE and OPENac after 6 
weeks of oxo-biodegradation process 
 
The above mentioned phenomenon can also be observed in the molecular weight data 
shown in Figure 4-45 for abiotically oxidised OPENac. Molecular weight decrease with 
biodegradation time as expected from molecular weight distribution data. After a small 
reduction in the molecular weight, the trend continues which could be attributed to the 
attempt from Pseudomonas aeruginosa to access the polymer volume further. The final 
Mw of 1934 Da for OPENac after six weeks compares well with results reported by 
Kawai et al [119, 120]. They used PEwax and Pseudomonas aeruginosa and found that 
microbe is able to consume quite rapidly molecules that are even bigger than 1000 Da. 
Based on this suggestions and results from the present study, it can be said that 
Pseudomonas aeruginosa, in the presence of clay, is able to access the polymer volume 
completely and therefore can utilise the remaining portions of OPENac. 
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Figure 4-45: Changes in Molecular weight for abiotically OPENac during 
microbial degradation stage 
 
 
 
This difference in degradation pattern between OPE and OPENac may be due to some 
active action of Pseudomonas aeruginosa in achieving further chain cleavage of the 
polymer or may be due to the presence of clay which creates a different biotic 
environment.  If it is due to active action of Pseudomonas aeruginosa, then similar 
trend could have been observed in OPE as well. Since this not case, the root cause for 
this differential and quick degradation of OPENac can only be attributed to the different 
biotic environment created by nanoclay. The results of some papers published in the 
literature [51, 121, 122] on biodegradation of thermo-oxidised OPE in soil and 
composting units also support this theory.   
 
Montmorillonite used in OPENac is an expanding 2:1 type nanoclay supports the 
growth of  soil microorganisms [112].  It also has an ability to mediate the pH of 
microbial systems by replacing H ions produced during metabolism with basic cations 
from the exchangeable complex [113]. Stotzky et al [114] had  proven the fact that 
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montmorillonite which is a 2:1 type effectively maintains pH and helps in the growth of 
many soil bacteria. They have also observed a strong correlation between the surface 
area of clay and bacterial growth. When the initial pH is sufficiently high, the 
bacterium is able to initiate and maintain growth until the accumulation of acidic 
metabolites reduces the pH to an inhibitory level. When the nanoclay is also capable of 
neutralizing these metabolites, thereby maintaining the pH of the ambient solution 
adequate for growth, the bacterium continues to metabolize until the buffering capacity 
is exhausted. Owing to the above discussion, the presence of clay can be said to support 
the growth of Pseudomonas aeruginosa and help them to further disturb the polymer. 
This action would have been more effective after 2 weeks resulting in further attack on 
polymer and thereby perturbing the higher molecular weight fractions.  
 
 With this understanding, biodegradation of polymer with clay can be explained using 
the review by Kounty  et al [101]. The biodegradation of polyethylene has been 
demonstrated as shown in Figure 4-46. 
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Figure 4-46:  Biodegradation mechanism observed in polyethylene with clay 
1) Polyethylene nanocomposite 2) Disintegration of polymer matrix due to the 
oxidation and reduction molecule size 3) Metabolism by Pseudomonas aeruginosa 
in the presence of nanoclay 
 
The large molecules of polyethylene cannot enter into the cells of microorganisms. 
However, after oxidation, some of the smaller fragments can be utilised by 
microorganisms and thereby biodegrade them. During this period, some enzymes 
produced by these microorganisms can help in the assimilation of oxidation products in 
the β-oxidation pathway. However, these actions can only happen if the oxidation 
products are easily available and the microbial activity is maintained. Since both of 
these requirement are difficult to achieve, not much of a difference in molecular weight 
distribution patterns is observed before and after biodegradation [9, 15] in most of the 
studies reported indicating superficial microbial activity. However, the presence of 
nanoclay does make a difference in the biotic environment as explained in previous 
studies and therefore help in microbial growth. This helps in Pseudomonas aeruginosa 
to act on bulk of the sample as shown in the Figure 4-46. 
 
2 
3 
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Oxo-biodegradation of OPE and OPENac was investigated by subjecting the film 
samples of these materials to abiotic oxidation and then inoculating them with 
Pseudomonas aeruginosa for six weeks. It has been observed that pro-oxidant in both 
OPE and OPENac helps in the drastic reduction of molecular weight during the abiotic 
oxidation stage leading to the production of low molecular weight compounds. 
However, the presence of clay does not influence the abiotic oxidation mechanism 
significantly. It has been also found that Pseudomonas aeruginosa is able to utilise the 
low molecular weight compounds and form biofilm. The changes in molecular weight 
distribution observed with biodegradation substantiate this argument. However, the 
difference in molecular weight distributions observed after biodegradation for OPE and 
OPENac reveals that Pseudomonas aeruginosa acts differently on them. Owing to 
difference in biotic environment created by the presence of clay, Pseudomonas 
aeruginosa is able to perturb the whole of the polymer volume for OPENac but not for 
OPE. 
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CHAPTER 5. Conclusions and Recommendations 
 
5.1. Conclusions  
 
As the use of biodegradable packaging applications gaining importance, a need for 
developing a fundamental understanding of their degradation mechanisms arises. This 
understanding will help in designing better and more environmental friendly packaging 
solutions. This need has necessitated this research. A major focus of this work is on 
developing a fundamental understanding of the biodegradation mechanism and 
improving the oxo-biodegradation of polyethylene. Oxo-biodegradation of 
polyethylene was carried out in two stages i.e. abiotic oxidation and microbial 
degradation. Also, an attempt has been made to understand the structure-property 
relationship of polyethylene nanocomposites to obtain an optimal performing 
nanocomposite.  
 
 
The following conclusions are drawn from the work carried out:    
• Studies on abiotic oxidation of polyethylene and oxo-biodegradable 
polyethylene (polyethylene with pro-oxidant) have revealed that oxidation has 
led to the formation of low molecular weight compounds in oxo-biodegradable 
polyethylene. Also, temperature has  a profound effect on the oxidation of 
polyethylene;  
• Molecular weight of oxo-biodegradable polyethylene is found to decrease with 
increase in Carbonyl Index (CI) values. This proves the existence of statistical 
chain scission mechanism during abiotic oxidation. Also, as oxo-biodegradable 
polyethylene is oxidised, a substantial drop in its molecular weight (more than 
one order of magnitude) is observed; 
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• In the microbial degradation stage, the micro-organisms Pseudomonas 
aeruginosa is found to form biofilm on polymer film samples indicating its 
continuos growth. These results are further confirmed by FTIR analysis which 
show clearly the presence of bands that indicate the presence of protein and 
polysaccharides which are the usual metabolites produced by micro-organisms; 
• Molecular weight distribution data for biodegraded oxo-biodegradable 
polyethylene show that Pseudomonas aeruginosa is able to utilise the low 
molecular weight fractions produced during oxidation. The decrease in the 
carbonyl index, which indicates the concentration of carbonyl compounds, with 
time also indicates the progress of biodegradation. However, it is clear that the 
microorganism is not able to perturb the whole of the polymer volume as 
indicated by the narrowing of the polymer molecular weight distribution curve 
towards higher molecular fractions; 
• Low density polyethylene nanocomposites were prepared by melt intercalating 
maleic anhydride grafted polyethylene and montmorillonite clay.  It is found 
that maleic anhydride has promoted strong interactions between polyethylene 
and montmorillonite leading to the homogeneous dispersion of clay layers; 
• WAXS and TEM studies reveal that morphology of nanocomposites changes 
from exfoliation to intercalation as the amount of clay loading increases above 5 
wt%; 
• Rheological experiments reveal that nanocomposites exhibit shear thinning 
behaviour. Steady shear viscosity of nanocomposites is found to increase with 
clay loading due to strong polymer clay interactions; 
• The tensile strength of nanocomposites is found to increase with clay loading 
indicating that it improves the adhesion between the polymer and clay. Also, 
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oxygen barrier properties are found to improve significantly with increase in 
montmorillonite content;  
• Oxobiodegradable polyethylene and oxo-biodegradable polyethylene 
nanocomposite (polyethylene nanocomposite with pro-oxidant) have been 
subjected to oxo-biodegradation studies to investigate the effect of clay on 
biodegradation. It was found that molecular weight for both OPE and OPENac 
decreases with increase in CI. This is usually accompanied by the production of 
low molar mass oxidized fragments, which due to their wettability and 
functionality will become vulnerable to microorganisms. These observations 
suggest that the addition of pro-oxidant in the preparation of nanocomposites is 
responsible for initiating the auto-oxidation of polyethylene matrix. Based on 
the results obtained in this work, it can be said that addition of clay does not 
alter the oxidation mechanism greatly in OPENac; 
• Pseudomonas aeruginosa colonizes more aggressively on oxo-biodegradable 
polyethylene nanocomposite samples than on the  oxobiodegradable 
polyethylene sample; 
• The shapes of the molecular weight distribution curves for both 
oxobiodegradable polyethylene and oxobiodegradable polyethylene 
nanocomposite are found to be more or less the same. The fact that biodegraded 
oxobiodegradable polyethylene nanocomposite has fewer high molecular weight 
fractions suggest that the clay in the nanocomposite has helped Pseudomonas 
aeruginosa in metabolising more of  high molecular weight fractions. This 
means that the microorganism is able to perturb the whole of the polymer 
volume in the presence of clay; and  
• The presence of clay can be said to support the growth of Pseudomonas 
aeruginosa and help them to further disturb the polymer as observed in 
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oxobiodegradable polyethylene nanocomposite. This action is more effective 
after 2 weeks of biodegradation resulting further attack on polymer and thereby 
perturbing the higher molecular weight fractions. 
 
 
 
5.2. Recommendations 
  
The following are the recommendations for possible further work: 
• Use various pro-oxidants and nanoclay and determine the best possible 
combination. This could reveal the extent to which both biodegradation and 
material properties can be improved. 
• Isolate the microorganism that could probably act directly on the polymer 
and use it in the biodegradation studies. 
• Design tests that would help in revealing the microbial action on oxidised 
samples.  
• Extend this study in setting up the protocols for biodegradation tests of 
plastics.   
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Appendix A 
     
 
 
 
Raw data for Thermo-oxidation stage  
 
This section has raw data for thermo-oxidation stage of PE, OPE, PENac and OPENac. 
FTIR results, Carbonyl index (CI) and molecular weight data are given here.   
 
         
Table A 1 : Molecular weight data 
 
 
 
 
 
 
 
 
 
 
Table A 2 : Tensile strength data  
 
 Tensile strength 
(MPa) 
 
Material  0 days 7 days  14 days  
PE 21.51 21.38 21.26 
PENac 26.95 22.79 21.3 
OPE 20.8 7.19 Cannot be 
measured  
OPENac 21.9 8.1 Cannot be 
measured 
 
 
 
 
 
 MW 
Before 
MW 
After 
MW 
After 
MW 
After 
 Unaged 50°C 60°C 70°C 
PE 220619 219895 210656 234634 
OPE 201057 18852 9875 2993 
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Table A 3 : Elongation at break data  
 
 Elongation 
(mm) 
  
Material (Days) 0 7 14 
PE 318.26 315.97 312.52 
PENac 310.68 289.93 270.25 
OPE 290.22 5.64 Cannot be 
measured 
OPENac 292.21 7.54 Cannot be 
measured 
 
 
 
 
Table A 4 : Carbonyl Index and Molecular weight data for OPE 
 
 
 
 
 
 
 
Table A 5 : Carbonyl Index and Molecular weight data for OPENac 
 
 
 
 
 
 
 
 OPE  
Days CI Molecular weight 
0 0.015157 201057 
3.5 0.751257 99856 
7 1.160348 41234 
14 2.160348 2993 
 OPENac  
Days CI Molecular weight 
0 0.015157 201057 
3.5 0.751257 99856 
7 1.160348 41234 
14 2.160348 2993 
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Carbonyl Index (CI) is determined by taking the ratio of the absorbance of any carbonyl 
compounds and that of the invariant methylene absorbance. 
 
 
 
Table A 6 : CI table for different polyethylenes used in this work at 50 °C 
Sample CH2 
Absorbance  
CO 
Absorbance 
Carbonyl index = CO Absorbance 
/CH2 Absorbance 
PE 0.12977 0.031844 0.245388 
 
OPE 0.158378 0.167353 1.056668 
 
OPENac 0.033756 0.053767 1.592813 
 
PENac 0.10773 0.024178 0.224431 
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Figure A 1: Changes in number molecular weight at different abiotic oxidation 
temperatures after 14 days of oxidation.   
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